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Description ' 

The invention relates to machines and methods according to the precharacterising part of daim 1 and 7 respec- 
tively see e.g, 

5 • . M. G. Segal: "Characteristics of the Components of the Machine Tools with Numerical Program Control for Machin- 
ing Round Teeth of Conical and Hvpoid Transmissions" . MezhduzovsWi Scientific Symposium "Study of the Precision 
and Productivity of Tooth Machining Tools and TooTs". Saratov, Saratov Polytechnlcal Institute. 1985, pp. 19-23 and 
claim 5 and 8 respectively see e.g. 

L I. SheikD and N. M. Buyanov: "Structure of the Coordinate Components of Tooth Machinino Tools for Conical 
10 Gears* . Mezhduzovsioi Scientific Symposium "Study of the Precision and Productivity of Tooth Machining Tools and 
Tools". Saratov, Saratov Polytechnical Institute. 1985. pp. 60-65 for generating longitudinally .curved tooth spaces in 
bevel and hypoid gears, in particular, the irivention relates to computer numerically controlled bevel and hypoid gear 
generating machines and.metiiocte whereby a reduced number of movable machine axes are provided for setup and 
..operation. ... „ . . , , • 

ts In the context of the present invention, the phrase "bevel and hypoid" is understood to mean either or both types of 
gears because of a lack of agreement in the art concerning the use of either term (bevel or hypoid) as generic to the 
other. Accordingly, whether bevel gears are considered a specific type of hypoid gears or visa versa, the present inven- 
tion contemplates machines and methods for forming longitudinally curved tooth surfaces of either or both gear types; 

Machines for generating bevel and hypoid gears ai-e generally an-anged to carry cutting or grinding tools jn a man- 
ner.whicji perrnrfe the tools to represent a mating gear memberjn mesh with a work gear being produced. For example, 
it is understood in the art that If both members of a mating pair of work gears are separately nianufacturecJ with tools. 
' riBpresenting conpfementary theoretic^ geinerating gears in mesh with each work.gear rherhber, tiie manufactured 
work gears will mesh property with eac^ other ' 

According to usual practice, tooth surfaces of one or both members of a mating work gear pair are manufactured 

25 by a relative rolling process with a tool as though pe work gear were in mesh with a ttieoretical generating gear repre- 
sented by the tool. Such-generating processes; however, are quite time consuming and it is often preferred to generate 
only one member of a gear pair. For ej^mple, many bevel and hypoid gear pairs used in automotive applications .are^ 
manufactured according to a process iri which tooth surfaces of a first gear member (usually a ring gear) are formed 
without gSieratipn G-e., the tool is oriented to r^resent tooth surfaces of a stationary theoretical gear and work gear . 

30 tooth spaces adopt tiie form of tooth represented by Ihe tool) and the tooth surfaces of the otiier gear member (usually 
a. piruon) are generated using a tool which is oriented to repres&tt tooth surfaces of the first formed gear menr±)er in 
mesh witii the other gear member. " 
r. For purposes of eoDnorny, two types of gear making machines have evolved for producing different merribers of 
. work gear pairs where oniy one member of the pair requires generation. Those machines which are arranged to repre- 
ss sent the rolling miption of a theoretical generating gear in mesh with a work gear are referred to as "generating 
machines" and those machines which are arranged to r^esent a stationary theoretical gear are referred to as "non- ' 
generating machines." Generating machines are reqtored to impart additional motions and. therefore, are much more 
complicated and expensive than non-generating machines. A significant cost saving is associated with the use of less 
expensive non-generating machines to produce one member of each gear pair. Generating machines may be used to 

40 ' manufacture non-generated tooth gears but non-generating machines do not include required settings and controls to 
manufacture generated tooth surfaces. 

Typical bevel or hypoid gear generating machines include a machine t^ase and separate supports resting on the 
base for mounting a work gear and a rotating tool. The topi support Is arranged to carry a rotary tool in a manner which 
represents a theoretical generating gear positioned to mesh with the work gear. A machine cradle is journaled In the 

45 tool support so that its axis of rotation represents tiie axis of the theoretical generating gear. A rotary tool, having stock 
removing surfaces which represent one or more teeth in the theoretical generating gear, is supported on the front face 
of the cradle. In particular, the rotary tool is mounted on a tool spindle which is journaled in a tilt mechanism canried by 
the cradle. The tilt mechanism is used to acljust the angular position of the rotary tool axis with respect to the cradle axis 
so that the stock removing surfaces of the tool are oriented to appropriately represent the position of gear teeth on the 

^0 theoretical generating gear. 

The work gear support generally includes means for adjusting the mounting position of the work gear so that the 
work gear will fit into mesh witii the theoretical generating gear represented by tiie tool sufDport. The work gear is jour- 
naled for rotation in the work support and means for rotating the work gear interconnect with means for rotating the - 
machine cradle so that the work gear may be rotated in a timed relationship with the rotation of the cradle. Tootii sides 

55 are generated in tiie work gear by imparting a relative rolling motion between the tool and work gear as though the work 
gear were in mesh with another gear member p-e.. the theoretical generating gear) having an axis of rotation coincider > 
with the machine cradle axis and mating tooth surfaces represented by the stock removing surfaces of the tool, 

.....The rotary tool may be arranged to represent a single tooth in a generating gear or may include a number of stock 
removing surfaces which are specially positioned on the tool body for timed rotation with tiie work gear to represent a 
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generating gear with a pluralrty of teeth. 

"Intermittent Indexing" processes are associated with the use of a rotary toof which is designed to represent a sin- 
gle tooth of a generating gear. According to the known practice of intermittent indexing, each successive tooth space is 
formed one at a time until all of the desired number of tootii spaces are formed in the work gear. For example, generat- 
ing motions in which the tool is rotated about the. cradle axis in a timed relationship with work gear rotation are per- 
formed independently for each tooth space. / . 

A second well known gear making process, known as "continuous indexing", uses a rotary tool arranged witii a 
number of stock removing surfaces which are positioned on a tool body to represent a plurality of teeth on tine generat- 
ing gear. According to tiiis known. practice, the work gear is rotated in a timed relationship witii tfie rotation of the tool 
so that all of the tooth spaces in ttie work gear are collectively formed. Required generating motions are superimposed 
on this timed relationship so th^ an additional amount of work gear rotation is imparted in a timed relationship with 
machine cradle rotation. Since at) of tfie work gear tooth spsaces are treated collectively, oniy a single rotation of the tool 
about the.cradle axis tiirough the space of one tooth of the theoretical generating gear is required to completely gener- 
-ate all work gear tooth surfaces. ,: - . . . j :.v . c-.-y: • - . - • • ; . -.-1'- . ^ ....'..,. .11 

. :^ A discussion of ttie basic machine requirements of fcievei and.hypbid gear rnanufacture is found^in Chapter 20 of 
Gear Handbook. The Design. Manufacture, and APDlication of Gears. Darle W. Dudley, Editor, Copyright 1962 by 
:McGraw-HilI. Inc.Ubrary of Congress Catalog Card Number: 61-7304; Pages 1 through It of ttie cited chapter entitied 
=. "Bevel- , and Hypoid-Gear Manufactijre" ,are hereby cited by reference for purposes of indicating the background of 

- Invention and illustrating ttie state of the art J/ .i: -: . .. .io. : .. . . , - ' . - / 

For purposes of additional background, it may be appreciated tfiat for a number of years, advances in tiie computer 
.and electronics industry have been routinely applied to machine topjs, . In fact, most state-of-therart machine tools now 
include some sort of computer control. Such machines are referred to. in the industry as .computer numerically cpntrol- 
: led machines or "CNC" machines. It is well known, for exanpletp use corhputers to controFbotii^mac^^ operation and 

- setup. Computers also enatrfe a series of machines performing sisparate functions to work together Xn a system to per- 
form many different operations on work pieces and to produce a riurrtber of different vyork pieces witfiout requiring sut>- < 

^stantial manual intervention. : .-.vt.-.: v^^. ■ v ' 

V . Although conventional bevel and hypoid type gear generating machines have been^recentiy fitted witti computer 
.'comrols. mainly for monitoring and'corrtrolllng madiine operation, much of tiie set up of these machines still requires 
.manual intervBntion. For exanrple. U.S. Patent 3,984,746 dlsdpses a "master-slave" servo-system for repladng certain 
gear trainsin a conventional bevel and hypoid gear generating machine which control relative machine motipns.during 
use. However, much of the setup of the modified machine still requires substantial manual interventiort. f - 

Conventional bevel and. hypoid gear genOTting machines Q.e,i those described m the above-referenced .G ar 
Handbook) require nine or more machine settings (also known .as "setup axes") for appropriately positioning tiie tool 
witti respect to the work gear. These settings include: (a) an angular setting of tiie cradle, (b) three angular settings of 
: the tilt mechanism, (c) a rectilinear feed setting between the tool and vyork . supports, (d) a rectilinearsetti.ng of work gear 
height above the machine base, (e) an angular setting of tfie work gear axis. (Q a rectilinear setting of. the .work gear 
along its axis, and (g) for certain cutting methods, relative settings of the rotational positions of tiie tool and the work 
:gear. These settings are difficult .to make to required accuracy and are time consuming. Most of tiiese settings are 
accomplished manually because the large number of settings and their often congested locations render .computer con- 
trol of these settings extraordinarily conplex and/or prohibitively expensive. . .. ■ ..V 

For example, known tool tflt mechanisms on bevel' and hypoid gear generating machines are associated with a 
number of particularly difficult settings. These settings are made to incline and orient the tool axis with respect to the 
cradle axis so that the stock removing surfaces of the tool are positioned to appropriately represent tooth surfaces of 
tiie theoretical generating gear. Three coordinated settings known in tiie art as "eccentiic angle", "swivel angle" and "tilt 
angle" are usually required for this purpose. - • , -r 

The tool drive which acts tiirdugh the tilt mechanism ailso involves an exti-aordinary amount of complexity. This drive 
is required to impart rofation to tiie tool at variable angular orientations and positions with respect to tiie cradle axis. 
Thus, both the complex settings of the tool tilt mechanism and the tool drive at variable orientations tate place within 
the spaceofthe machine cradle which is.itselfrolatable. 

Accordingly machine cradles tend to be quite large and cumbersome. The diameter of the theoretical generating . 
gear represented by the tool support is also substantially determined by tiie diameter of the machine cradle. For exam- 
ple,, a 60 centimeter diameter cradle may be required to support a rotary tool in position to represent tooth surfaces of 
a 30 centimeter diameter tiieoretlcal generating gear. Machine cradles are difficult to manufacture and mount to 
required precision, and account for a significant portion of the size, weight and cost of conventional generating 
machines. 

It has been proposed on occasion to replace the customary machine cradle with a pair of rectilinear slides. For 
example. Fig. 20-7 on page 8 in tiie cited chapter of "Gear Handbook" illustiBtes tfiis possibility for non-generating 
machines. As explained therein, non-generating machines require positioning of a tool axis with respect to a work gear 
axis in the manner of a machine cradle but they do not require any motion of the tool axis equivalent to aadle rotation. 
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Thus, it may be readily understood that the iust-mentioned slides may be used to move a tool, axis to the same position 
otherwise effected by a cradle in non-generating machines. This general conc^t ^'f ^een pro^s^^^^^ 
. hypoid generating machines in SU. A. 724287 (V.A. KONDYURIN) and DE, A. 36 43 967 (YUTAKA SEIMITSU KDG\D 
K K) In the proposed machines disclosed in these patents, the customary machine cradle is replaced by a pa r of rec- 
s tilin^r slides which can be controlled to move the tool axis along an arcuate path con-esponding to cradle rotation dur- 
ing generation. . , ■ w. 
However, rieither of these proposed generating machines suggests any means for inclining the tool aMS with 
respect to their intended representation of the custbmary cradle axTs. In fad. even if a taiowii tool axis tift medianem 
vreTe to be added to either of the proposed machines, the ariaiate translation of ah inclined tool axis along the re^linear 
10 slides of the proposed machines would not reproduce the rotational motion of the inclinfedtool axis aboutthe cradle aMS 
of a conventional machine. In other words.: translation of ah inclined axis about another axs to which rt is initially 
inclined, is not the same rotation of the incBnied axis about another a^^ 
- Thus, neither of tine proposed generating machiries disclosed in the patents just referred to above is appropnatefbr 
. manufacturing the variety of geare traditionally produced by conventional bevel and hypoid generating machines which 
IS utilize large machine cradles and complextiit mechanisms for appropriatefy positioning arid operatively engaging a tod 
and work bear. Furthermore, e^ren when generating wfthbul any provision for tod axis tilt aefther of the prop^ 
machines appears to account for ttie bhange in angular position of the tool about its axis y*hich should accompany their 
■ r^^e trahslatidrial repr^eritati'ons of cradle axis rotation, and tiie lack of such a change in angular position would 
undesirably affect ttie required timed relationship between tool and wori<-rotations during rontinuous indexing opera- 

^. *°"Anottier known alternative configuration for a comfjuter conb-olled bevel arid hypoid geat geriemtindVtachine opi- 
ates accoidirig to a different mettiod and is disdosed in U.S. Patent 4,565.474. This machine uses a CNC system for 
cohb^dfing macNrie wiBS for purposes of berth setup and operatioh. However, even for tiie generation of only one of the 
flanks of tongitudinally curved tootti spaces, the machine requires a large number of movable ax^ for setijp and op^- 

2S atibn. Of these required axes, tiie most difficult and expensive ones to cdrtrd are totatiohal (or pivot) ax^ for angulariy 
moving tiie tool and work gear axes witti respect to each ottier. For tiie generation of a single flank bf longiti^nally 
curved tobtti gears, tiie machihfe indudes a first axf^ for pivoting tiie tool wrth respect to tiie work gear, a seax^ axis 
for pivdting ttie woric g6ar vvfth reflect to the tod.iand a tod tilt mechanism (e.g.. ttie mechanism of US^F^ent 
4 370 080) for fndining ttie tool v^rtth respect to a tfiird axis. These three just-riamed axes are in addition to ax^ ^J°^ 

30 frig the tod and wori< gear, and also in addition to tiiree rectinnear axes of relative movement between tiie too" and w«wk 
gear If ttie other flank of tiie tootii spaces is to be generated simultaneously, a second tool is required along wrth furtiw 
additional axes for rotating and pivoting ttie second tool, two more rectilinear axes for moving tiie second tod wrth 
reroed to ttiiB work gear, and presumably. & second tod axis tilt mechanisn^^ '■■■■>■ - ;/ 

Th# macWne disdosed in U.S. Patent 4.565.474 operates according to limit conditions in which a single generating 

35 line of cohstarit shape (e.g.. analogous to a straight or curved rigid wire) is used to generate aied tootti surfeOBS. The 
generating line is defined by an irteisecfion of ttie stock removing suriace swept by a rotating tool witti a plane of action 
which comprises a locus of points bf contact between ttie tool and work gear. The tool penebates ttie plane dactioa at 
a fixed deptti. and tiie constant shape generating line in tiie plane of action is rotated: about an axis perpendicular to the 
plane in a predetermined relationship wrth rotation of tiie work gear in a manner such ttiat ttie plane of action rolls 

40 togettier witti a base cone surface of ttie v/ork gear. Generated ttiereby in ttne plane of action is a ruled tooth surface 
defined by relative movement of ttie constant shape gener^g line witti reispect to ttie wort< gear. 

These limitations which define tiie mettiod of U.S- Patent 4.565.474 prevent ttie disdosed machine from duplicating 
tootti surfaces now being provided by conventional machine moh'ons which r^resent tiie rdling motion of a ttieorehcal 
generating gear in mesh witii the work gear. Conventional madiine motions provide for rotating tiie tool about ttie axis 

4S of a ttieoretical generating gear (i.e.. cradle axis) which defines a relative patti of movement between tiie tool and wori< 
gear ttiat is disposed angulariy wHh resped to tiie plane of action between ttiem. Cfontad b^een tiie tool and worit 
gear progresses along various points on tiie tool's stock removing surface which is itself inclined to a nornial OJerpen- 
- . dicular) of ttie plane of action by a pressure angle corresponding to tiie generating gear tootii suriiace repr^ented by 
tiie iDd. Thus, ttie tod according to conventional mettiods is moved along a path inclined to tiie plane of action, pene- 

50 trating the plane of action at changing deptiis along a tisd surface also indined to a normal of ttie plane of action, 
thereby generating tootti surfaces, not by a single generating line of constant shape, but rattier, by an enveloping proc- 
ess in which ttie generated tootti surfaces are defined by tiie stock removing surface of the tod and its relative motion 
witti resped to the work gear. Also, since tiie stock removing surfaces of tools used in conventional machines are 
inclined to tiie plane's normal and moved angularly witti resped to tiie plane of adion. it is possible to simultaneously 

^ generate botti flanks of tootii spaces in a wori« gear witii a single tool arranged to represent botti flanks of a generating 

gear tooth. . . -j • 

Anottier important consideration relating to tiie generation of longitudinally cun/ed tootti bevel and hypoid gears is 
the determination of appropriate setup and operating parameters for such machines. Because of ttie complexity of tootti 
surfaces formed by conventional bevel and hypoid generators, such tootti surfaces can only be exacBy defined geomet- 
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rically by the machine motions which are used to produce them. That Is, although certain general parameters of gear 
design may be specified. e.g., tooth numbers, pitc^ angle, etc.. the equations which are usedio define bevel and hypoid 
tooth surfaces are the motion equations of generating machines. Since tooth surfaces are not defined independently of 
machine motions, the design of tooth surfaces is often an iterative type of process known in the art as "d©/eiopment" 
IVIuch know-how has been accumulated, particularly in the form of computer softvi^re. for developing tooth surfaces by 
appropriate adjustment of the operating parameters of conventional bevel and hypoid generating machioes.. . 

It should be appreciated that much of this extremely valuable, painstakingly accumulated know-how would be of lit- 
tle use in controlling the operation of non-conventionally configured machines which require different operating param- 
eters for controlling machine motions. Instead, such alternatively configured machines would require new sets of 
formulas and other know-how to determine appropriate machine settings and operating parameters for producing 
known gear tootfi geometry and mating characteristics. For example, a rnachine described in an article in the July 1 983 
issue of American Machinist magazine on pages 85 through 88, entitled "Generating Gears Via Software," describes 
such a rnethod for determining the operating parameters of a non-conventionally configured machine. (The machine 
refenred to in the article appears related to the machine diisclosed in U.S. Patent 4,565,474.) - ; i - > • : : - t 

It will be appreciated that tiie determination of such appropriate machine settings and operating parameters, based ' 
on gerieral information of desired tbotii geometry and rtiating characteristics, conespohds to the dDdve-mentioned 
process of development utilized witti conventioniai rtiachines. While it may be relatively practicable to add software to a 
CNC machine for detemiiriing such reqjuired machine riiotions for prbdiidng easily dimmed straight tootii gears, the 
additional conplexity of tongitudinally curved bevel arid h>poid gear teetii. particularly tiiose which are produced by 
conventibrial generation, woiild requfre extensive ^nd complicated devefopmerrts that would add cbnsiderable cost and - 
complexity to any CNC system which bthenwse is primarily responsible for controlling machine motions along pre- 
scnlDed paths. Further, littie'or no benefit would be derived from the liarge amount of ebdsting kriow-hbw which relates 
such desired tooth gebmeliy and iriaffng chara^^ to conviaitional machine settings. "This fe partJcufariy true of 
"higher order" nrKxfifications which are expressed directly in ternis of known machine motions or in terrhs of a theoretical 
generating gear. ;Hi- • •: ..^j -i^/i *■ ^i>,«r. • : • :. : wl^:^--. r-r' rx. 

Iri general, it is already^ feidwri frorii US-A-3.984.746 to incorporate conrputer numeric cbntrofe in cbriventional 
and hypoid generating rhachihes for automatically setting up "and operating certain of th4ir movable machine 
^'axes^ However, the large number and congested locations of the conventional macftirie axes makes the application of 
•cornputer controls tb all of these axes especFally cbnplicate^^ expensive. Althdugh it is alsb known frorti SU-A- 
- 724287 and DE- A- 36 43 967 to i-eplace the larige arid curribersome rnachine cradle of corivehtional riiachiries with a 
pair of rectilinear slides, neither of these two proposals discloises any mearis for inclining the tckbl axis witti respect to 
the ori^'nal cradle axis or for replacing the rotational function of tiie conventional machfne cradle in so fai- as the latter 
rbtetesthfe iridined tool axis about tiie cradle axis. Fiirtiier, the computer cohti-olled gear generating machine of US-A- 
^'^^r^^^' which includes a Very different oonfig^ of machine axes, still requires a large riurriber of coritrolled axes 
for generating longitucGnally curved tooth gearsi Also, the disclosed method of controlling these axes is uridesiiably lim- - 
ited to frie generatiori of ruled surfeces and does riot benefit from accuniulated know4iow relating to developmeiTt of 
tooth desigris producible on convehtidnal niachrneisJ ■ - •* ' • ' - ' : : ^ .-; i^/y* • : 

Al Segal: Characteristics of the Components of the Machine Tools witii Numerical Program Control for Machiriing 
Round Teeth of Conical and Hypoid Transmissions: Saratov/ Saratov Polytechnical institute. 1982. pages 19-23 has 
suggested a machine with rectilinear slides in SU-A-7242dft.i[ogetiier with a control strategy which ^ates that accord- * 
'"^ to rioriuhifonm laws, arty position and movement relative to the workpiece can bis given to the tool axis. Hdwever the 
nature of such nonuniform laws arid a fortiori of the positions and movements mentioned, is hot given. 

Summary of Invention 

The preserrt invention as defined in claims 1 , 5, 7 and 8 respectively is concerned witii a novel gear generating 
machine and method of use which apply the conventional principles of gear cutting and grinding in an entii-ely new way. 
The machine configuration is greatly simplified with respect to bevel and hypoid gear generating machines of ttie prior 
art and is readily adaptable to computer corrtrols tor automatically setting up and operating the machine. 

The machine of the present invention is arranged for controlling tiie relative positions of the tool axTs and work 'gear' 
axis using a minimum number of rriovable machine axes. According to the usual practice, the tool and work gear are 
each rotatable about their respective axes. However, in contrast to known bevel and hypoid gear generating macWnes. 
only a single pivot axis is used for adjusting the relative angular positions of the tool and work gear axes for setup and 
operation. Three additional axes are provided for adjusting the rectilinear positions of the tool and work gear. 

The signrficarice of this important reduction in movable machine axes may be appreciated with reference to con- 
ventional non-generating machines. It is possible to an-ange the generating machine of tiie present invention with no 
additional movable axes over tiiose ordinarily used on non-generating machines. In other words, tiie additional cost and 
complexity associated with such movable structures as machine cradles and tilt mechanisms has been obviated. Fur- 
ther, tills reduction is of a type that does not require the use of multiple tools and pivot axes or any limitations to tfie 
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method of generation. , .. • j ~.r,»~»ae„f 

AlthouQh six axes of relative movement between the tool and work gear are ordinanly required forpurposes of 
setujfnd op JLTon^ five axes of mcvement are timed with respect to each other during '"term^ent f eang c^^^^ 
ations -mese are (a) movement along three redinnear axes, (b) angular movement about a single p-vot axis and (c) 

5 SS^^vemerS the work gear axis. Continuous indexing operations, however, require ftmed reiat«nsh,ps 
bXe^a;^ii m.^taxes. inaddfton to the just-mentioned axes associated wlti,imermlttent operat.ons.co^^ 
• indexing operations also require interdependent control over the rotation of the tool about ts axis^ ^ 

^e pTesent invention^so provides ti^at tiie same controlled axes of machine motion are use| for P";P°^es rfbo^ 
. setup and operatioa Thus, witt, respect to known bevel and hypoid gear cutting machmes the tote^.""^!!"^'^^ 

10 ' machine axes used for purposes of setup and operation is reduced from nine or more to only SIX This redu^^ 

SliXe o?^1 prieS invention to be readily equipped v.th computer numeric conti-ols for -a^- 
sehiD and ooeration In addition, despite a reduction in tiie total number of setup axes, the machine of the present 
: Trt^tirn hStntLed versatility. F^---P'e- machine of me pr^ent inv^^ 
range of work gear sizes and designs having more possibiTities for developing the e?^^^ 

'^^^^e relatiinship of atiieoretical geneintiog gear in m^ with a work gear |s '^'^nfytheVesem inve^^^ 
a single angular ajustitient between the tool and work gear axes in combination wrth .^^f^^^""^^^^!^^^ 
. between the tool aril work gear axes along three. rectifinear axes and rotational movemert J ^'*9earaboiJ jte 
axis, in ttie case of continuous indexing operations, rotational movement of tiie tool about^ ^^JifiHSS 
2o' Either flie tool axis or tiie work gear axis may be positioned in a fixed angular on^ntatip»i . wift resp^to tine mad^ ne 
. and ttje axis of tiie theoretical generating gear.iT^beall^^ 
b^e to m^ntain the desired relative rbft 

be mounted in affaced angular orientation with respect to the machine and ti^posit.?;?!, erf Jeti^^ 
..axis may be instantaneously defined in virtually any .deared angular setting wrth respect to the tool axis and maintained 
25 in this relative angular setting by relative motions of the tool and work gear axes. ^ : -. : 

A range of relative angular orientations between tiie tool and work gear axes.is pr^^y positionn^ti^^ 
. axis at particular inclinations witii respect to tiie tool and work gear axes. For purposes of bofti setajp and operajo". 
both thetool axis and work gear axis are rnaintained atfbced inclinations witii.resped to tiie pn«>t T^^^"^';'^^^^ 
are measured as included angles between directed fine^segments associated with the pivot axis ^ each ^^^P^ 
and work axes. The maximum angular separation between the tod and work gear.ax^s is deterniined 
respedive angles of indination each of these axes makes with ttie pivot a:qs. .The minimum angular separation between 
the two axes is determined from ttie absdute value of ttie difference between ttie same respediye^g^es. - ■ ; , _ ^ 
Itis'preferred tiialthe respedive fixed angles of indination the tool and work gear axes make, wrth tiie pivot axis^e 
eadi equal to ninety degrees. By positioning tiie pivot axis perpendicular to botti the tod^and work gear a^^a sub- 
stantially unlimited range of angular variation between tfietod and wpric,axes is possible. Furtii€^. the amount of angu- 
lar relative tiavel of eittier ajds about ttie pivd axis for achieving a given angular separation is minimized. : 

It is also prefen-ed to position ttie pivot axis so tiiat it intersects bofli ttie tod and work gear axes in a pos^on along 
ttie work gear.axis which can be selected to ninimize travel requirements qf_tti^ remaining, redinnear axes. For exam- 
ple, the pivot axsnray be selected in the wdnity of a given viwk gear. ^ :. . ^' • 

According to one version of the present invention, the novel machine includes tiie f aditional features of a madiine 
base and work and tool supports mounted on tiie base. The tool support indudes a carriage which is.mountal on slides 
fomed in ttie base to permit movement of tiie caniage along the wktth of ttie base. A tool head is earned on slides 
formed In ttie carriage to pemiitmovement of tiie tod head vertically witti resped tottie base, and a tod spindle is jour- 

naled in ttie tool support for mounting and rdating a tool about its axis. 

The woric support indudes a table which is mounted on ways formed in the base to pemiit movement of ttie table 
along ttie lengtii of ttie base. A work head is mounted on arcuate ways fomied in tiie table to pemiit angular movement 
of ttie work head about a pivot mounted in the table, and a woric spindle is joumaled in ttie wori< head for mounting and 

rotating a work gear. J • 

Relative movements of tiie tool and work gear along tiie specified axes are contrdled by separate dnve motors 
associated witti each of ttie axes. One group of drive motors is provided for imparting relative rectilinear motions 
between ttie tod head and work head along ttiree mubjally ortiiogonal axes. These motions indude movement of tiie 
can-iage across the widtti of ttie base, movement d ttie topi head vertically of ttie base, and movement d ttie vvork table 
along ttie lengtii d tiie base. A second group d drive motors is provided for imparting rotation to ttie tod ^indle and 
Work spindle. A separate motor is also provided for confrolling tiie angular position d tiie work head on the work table 
witii resped to the tod support Each of the drive mdors may be conti-oUed by a computer so tiiat a relative rdling 
movement between the rotary tod and ttie work gear fulf His ttie kinematic requirements d a ttieoretical generating gear 
in mesh with the work gear. 

It is important to note tiiat ttie known fundions d ttie machine cradle and tilt mechanism have nd merely been 
replaced by alternative sti-udures which independentiy perfomi ttie same fomier functions, but that whdiy new coordi- 
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nated motions are provided along and about the geometrically defined machine axes to appropriately present the tool 
to the work gear in a manner which continues to represent a theoretical generating gear in mesh with the work gear. 
For example, although the rectilinear motions of the tool cam'age across the width of the base and tool head perpendic- 
ular to the top face of the base may be used to represent the former arcuate motions .of the tool about a cradle axis. 
5 such simple arcuate motion would not appropriately position the tool spindle for most purposes of the present invention. 
In fact, in those instances in which the tiieoretical generating gear was formeriy defined by some measure of tool axis 
tilt, simple arcuate motion reproduced by the combined rectilinear motions of the tool carriage across the width of the 
base and tool head perpendicular to the top face of the base would lead to inaccuracies in the work gear (i.e.. would 
not fulfill the kinematic requirements between tiie theoretical generating gear and work gear). However, according to 
10 the present invention, the conrrbined rectilinear motions of the tool carriage and tool bead may be used to carry the 
rotary tool along virtually any curvilinear path which may be required. 

Instead of inclining tiie tool axis with respect to a fixed cradle axis to achieve a desired orientation of tooth surfaces 
oh a ttieqretical generating gear in accordance with conventional teaching, the present invention provides for ^ecialfy 
tirhed motions betweeai tfie tool and the work gear to define a deared prieritation of the generating "^i^ara^^ witii 
IS respect to a fixed angular orierilation of either the tool axis or Work gear axis: Although the tootii surfaces of the theo-' 
retical generating gear, represented in the plane of tool rotation, include a fixed angular orienfatibh with respW;t to the 
machine base in the case of a fixed tool axis orientation, the present irivention provides for a substantially unlimited var- 
.^^"J'l^!?® ^ siirfaces on the theoreticsil generating gear by nrodrfyirig the .angu of " 

it?? >n case of a fixed work geai- axis drienfatiori. angular moverhent of the tboi axis 

20 Iboi^ S single pivot*^a5ds in combination wrtii the relative rectilinear movehfents between the tbol and work and rotational "- 
hiov^Tients of the work gear about its axis may be liised to define a substantially unlimited variation in the relative- dri- 
eritatidn 6f tooth surfaces on the tiieoretical generating gear having ah axis of rotatibri whibh varies in arigular orienta- 
tibrt'vHtfi reject to ttierrachh^ * ' - • - ^ *" v y * ,c- . . ^ ^ - . r.j . - 

Thus, tfie starting point for defining tfie tfieoretical generating gear according to tfie present invention is the fixed 
25 anguiaf onentation erf bither the tool axis or work gear axisl The selected axes for cdhtrollirig the relative'posftioris of the - 
tool ajrfcl work gear pro^ geometric freedoms required for effecting any desii-ed relative pbsitioils wittiin 

■ the jDfiysic»l The exact same relativ¥mcitioris of a conventional gear" generating machine 

, ^^P? r^r^erit^ by relatively moving the tool and Wbrk gear in the same kinematic relktioriship whereas eitfier th 
^^^!^ ^® ^Q*"^ gear aids of tfie present invention is fixed in angular orientation with resf^ to the machine base, 
30 ^ It may be appreciated, for example, tiiat if : 
^9^^°!?^ J^9°! orientation of the prior niachinb is Inclined thereto arid the'siame relative positions 
between the tool and wibrk'gear are desired at the new fixed orientation, tfie work Qe&r of the' present ihventibn must 
also be moved to a hew orientation. This may be shown by relatively sihple geometric construction. Likewise^ at each 
SMCcessiye instant of nriachine operation the relative oriertfafions of the tool and work gear Sfcorr/entibnal gear g6rier- 
35 ating marines may be repres4nt«il by new orientations bf this tool ^nd wbrk gear with respect tb ihe base of the riew ' 
. ' nhiachine.' ' ' ' u .. - r-.: ^ t - 1 ■ . 

9'^®r®"9?^.^?*^®?". f ® operation of toiown bevel and hypbid Qear generating machines ahd the present iriverition 
go well tMiybnd tfie obviatiori of cbrtain nriachine contrbl axes and the addition bf others. Ev^n those a^res which are con- 
:?'9"®^ common wHh conventional machines perform different functions. For eicarnple, aithbiigti it is" known for corttin- 
40 , ^ uous indexing operations to rofate the work gearJn a fixed ratio with respect to tiie rotation of the tool, the pres nt 
invention also provides for rotating the work gear by an additional ina-errierrtaJ arriount to accommodate ftiovement of a 
„ theoretical generating gear out of ^ single plane of dotation. In addition, altilough it is kncwWto position ttie w 

^*,^'P"^. ^P9u'ar orientations for set up purposes, it is an inportant feature bf one version of the present invention that 
* the angular orientation bf th^ work head is varied during operation to fulfill the kinerhatic positibning requfremerite of the 
45 rotary tool and work gear. ^ --^ ■r-'-'.L 

It is also an important feature of the present invention that input parameters aissodated tfie setup and opera- 
tion of conventional bevel and hypoid generating machines may be used to control the setup and bpenatibrf of a rriachine 
having a different configuration. In particular, tfie present invention provides for ihputting'a series of conventibnal oper- 
ating parameters and transforming this information by calculation into a forrn appropriate fbr specifying the required 
50 positions of differently configured machine axes. In tfiis way. accumulated know-how concefning the develbpmerrif of 
tooth surfaces on conventional machines may be readily applied to the machine of the present invention. Other advan- 
tages include a great reduction in the number of machine calculations required to determine prescn*bed paths of motion 
for movable machine axes and the preservation of user familiarity with the paranrieters of machine setup and operation. 
A computer having a microprocessor is arranged to receive conventional input instructions int©"actively with an 
55 operator through a keyboard and CRT (catfiode ray tube), or indirectiy from a storage medium. The operation of the 
microprocessor and appendant devices is controlled by a computer program, the program also includes a series of 
instructions for transforming input information relating to tiie operating positions of a conventional generating machine 
into a form which specifies the required positions of each axis of the new machine. 

The transformation requires (a) the definition of a coordinate system for the new machine relative to the coordinate 
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system of the conventional machine and (b) the application of well known mathematical ^^^^'^^^J^^';^'"^^ 
Jons, vector transformations and trigonometric functions) to reference the same relatve posAons of the tool and work 
gear in the coordinate system of the new machine. ^.u ^- ,t==^oc 

The coordinate system of the new machine may be defined, for example, by selecting °* J*^^ ~f f'^*^^^^^ 
of thesysTem at predetermined angular inclinations to both the tool and work gear^ T^rho^^^>^c^ 
the n Jmachine and deHning the remaining orthogonal coordinate ax^as ^^'^f^l^^^^^^^ 
orientations of the new macWne. Preferably, the pivot axis is P^'''°"«^ P^^^^'^'^^^/^f Jj,*^^^^^ 
axes, but other positions are possible so long as the maximum and minimum angular separaton of tie tool and ^rt^ 
axes defin«J for the conventional machine fails within a range defined by the sum and difference of the angles d 
frSnSS formS between the pivot axis and each of the oriented work and tool axes. For further «*^enjene^rtB 
SSt t^oriert tiieJectin^^ of the ne. machine coincident with the orthogonal coordinate axes defined for 

JwSSlar. the tool axis and work gear axis of a conventionally arranged macjine may be ;;°'«t«^°9f;^^^ 
the one of the tvio axes which is to be positioned in afixed angular orientation on the new machine al^.deTines a pre- 
^SiSnld anS^^ination with a ph^t axis of the new machine and the o«ner of the two axes w^di ^s ro^e 
atout the pivot axis defines, in positions of rotation about.the pivot axis, a desired range of angu^r separaton behv^n 
S^toTiSTorkgearaxes. PrS^bly. of course, both the tool and work gear axes are p<«rtioned.pe^^^^ 
S«rt^a? In that'case. an orthogonal coordinate systen, may be conveniently defined v«tt, P;;g^^ 
coincident with one of the new cooixSnate axes, and the remaining two orthogonal axes defined in the plane of angular 
.™^SJ2o.St^epivotaxissothatthefix^ 

SSTections. The rectinnear machine axesmay be armnged in eachof the coordiriate direcjons p -"nCT^^M^^ 
calculations In this way. the same relative positions of the tod.and work gear on a conventional rnachmeO-e.. ?n^^fv; 
!!?a?S^laIiradiu£ble cradle axis. wSTaxis and tool a)ds) may Be represented by a differerrt machine m which 

°''^r::SrS!^ilS?;?:iu^ in^em^ c^t the genera^ng motior^ of a convent^^ ma^^^^^ 
TheseSSSmS^be calcJated during operation or in advance of intendedoperations and .stored for teteruse 
JrinTSS^^S-tooli^W); Once the desired positions pf 

tti^ <^culated positions may be oulpiit from, tiie microprocessor for contiiolling driye motpr^ ass9<^ated wrth each 
m^te Sne'Ss.- In acc^^Jance^L' conventional practices of CNC systen^, tine actual P^°^^^ 
^riy be measure by encoders and ttie drive motors are controlled by the microptocessor.to con-ect any drffer- 
ences between the actual and desired positions of associated machine a)^ ... ■ . , 

. in 5Sto Lnventional machinS^in which it is possible to ^sily imagine tine 

gear about a fixed <iradle axfe. the present invention provides for kinematically defining* ti^or^cg genwati^g_g^^^^ 
whose axis rray be oriented at any number of rfiff^entposmoris which may vary during PP.f??""^*^*'^."^^'^''';^- 
eveTbyusing ttie same input parameters as a conventional machine, the accumulated know-how relatir^ to subUe 
chai^gi in the position and orientation of tooth surfaces on a tineoretical generating gear for developing exact vyoric gear 
tooth oeomeb-y may also be applied to the.machine of ttie present invention. ,,. 

in addition, by eliminating tine requirement'of a machinecradle and cw^^ 
lar orientation of the tool axis, tine present invention provides for a much smaller and Jess complex ge^ g«i^ting 
40 machine. It is also important to note that in known gear generating machines only a limited range of tod 

aocon^nixJated by known tilt mechanisms. The present invention, howe/er. provides for obtaining simnar effects o^ tiie 
geomefry of n^ctured tootti surfaces whidi are nbmnally associated witi, such tool inclinations over a virtually 
unlimited range. Furthermore, virtually all of ttie nfidtions. adjustments, and featurps provided on prior art gear cutting 
machines, many of which are arranged spedfically to provide such features, may be accommodated on a single 
4s machine having a much Amplified arrangement oil woric and tool supporting stuctures. . . r , 

. The new machine configuration having a minimum number of CNC axes is also appropnate for positioning a tool 
with respect to a work gear in an orientation representing the first formed work gear of a pair. Further it is important that 
a single tool may be used to represent botti flanks of tineorWtical generating gear tooth surfaces and to simultaneously 
form both flanks of longitaidinaliy cun^ed tooth spaces in bevel and hypoid gears. The tool may be either a cup type or 
so flaroi cup type and may be either prbited or oscillated according to known practices for improving contact conditions 
during use without requiring any additional axes of motion. ' , ^. ,. _j » .i. 

Although the machine of tiie present invention is intended primarily for the generation of longitudinally curved tooth 
bevel and hypoid gears, tiie machine may also be used to produce other gear types including non-generated bevel and 
hypoid gears and tongitudinally curved tootti parallel axis gears. That is, even though the present invention may be b^ 
55 appreciated writh respect to known bevel and hypoid type generating machines which embody the most complicated 
an^ngements of movable axes for gear manufacture, tiie greatiy simplified machine arrangement of the present inven- 
tion may also be readfly applied to the production of different gear forms and other less demanding applications. 

These and otiier features and advantages of the present invention will become apparent in tiie detailed description 
of tiie invention which follows. In ttiat discussion, reference will be made to tiie accompanying drawings as bnefly 
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. Brief Description of the Drawings ' 
Rgure 1 is a perspective view of the new machine configuration of the present invention; 
Figure 2 Is a plan view of the same machine illustrated in Rgure 1 ; 

Figure 3 is a schematic depiction of tiie same machine with the movable structures of the machine greatiy simplified 
to better illustrate axes of machine movement: * • '^ f- 

Rgure 4 is a g'ebmetric construction which illustrates the relationship between iridination angles of tool iarid work 
gear axes witii re^^ct to a pivot axis and a range of angular separations between the tool anid work gear axes; 

. Rgure 5 iis a schematic depictibn of the conlpLrter numerical control system "which is programmable to cbbrdihate 
* moyem^s of tiie h ' :- 2: ..tr - 

Rgure 6a and 6b are siche^ charte of a cornputer program for determining desir^ positions of the machine 

,.__ax^; ..... - -'^ i*=r=-c 

T^gure 7 is a scheriiatic front yiew qf a cbny^ntiWar g6^ generating m^cfine with important s^p rel^dnships of 
the knowm niachirie supe^ 6n the machine outiine; . • • . - • . ... 

. Rgure 8 is ja plan vae^ of the sarne known rnachine^nclucfing additionaJ setup relationships requihed fo establish 
the relative pxjations of th^ tool and work gear; " " ' ' ~ ' "'^ '^ ' • ^'^^ 

, F^igur^ 9 r^^^^^^ : ' . v> .Y 

. .. Figure 10 is in the same view as Figure 7 witii the outline of the known machine removed to facilitate ttie'addition 
^of.neyv gepmetnc coristriictions for rotating the tooi &nd work axes of the khcwn rnachii^e irito a new orientariBm • 

Figure 1 1 is in tiie same plan view of Rgure 8 with ttie known machine outiine fernovied but including the new geo- 
metric coristiojctions particularly - 1. ' 

Figure 12 corresponds tp the partial view of Rgure S Whriput the too! illustration but iriduding the sarne hevrgeo-' 
rnetric constajQtions p • '"' ' • " 

Rgure 13 is in the same view as Rgures 7 and io illustrating rotated positions of the tool and work gear axes in a 
new coordinate system; 

Figure 14 is in the same partial view of Figures 9 and 11 illustrating the new positions of the tool and work gear 
axes according to the present invention; . ' 

Rgure 15 is a view of Rgure 13 taken along a .n^ coordinate axis and defining the new positions of the tool and 
workgearaxesinaplariviewofthenwmac^^^ 

Rgure 16 is a partial view of Rgure 15 taii^ along the work gear axis and defining an incremental rotation of the 
work gear accompanying the conversion to the new positions of the tool and work gear akes in the present inven- 
tion; 

Rgure 17 is an enlarged view of Rgure 14; 

Rgure 18 is a perspective view of the hew machine arranged with a flared cup wheel in engagement with a work 
gear. 

Detailed D escription of Preferred Embodiments 

An exemplary bevel and hypoid gear generating machine in accordance witii tfie present invention is illustrated by 
Rgures 1 and 2. The machine includes the general features of a machine base 10 with tool support 12 and work sup- 
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T^«i ^. «r,«r+ 1 9 irv-h iries carriaae 1 8 mounted on slides 1 6 formed in base 1 0 to permit 

*?i^if2Ln°^S"moN«ble axes may no* be made with the more detailed illustration of the embcdirrjent aa»rd- . 
inn S^^^STt^^^^^^^^ understood that axes T and W correspond to the axes qf.n^on of 

32 in a direction parallel to the J^^^^^^^^ ^i'?y°"riective drive motors which act thrqugh.speed 
Movement along each ofjie .^^^^^^ For^SnSe^ rSment of O^ie 32 in directfon Z along the length 

K te ciuSStable 32: Threaded ball sd^ew66 is secured axially to base 10 and rts.rotabon .s transfbmiedby the 

- SS;; rSSJS::^ SS^afe 18 in direction X is impart^>y drive rr,ptor 44 acting through i^uct^n 
- >r 1 cJ^T^Tt^ head 22 is moved in direction Y by drive motor 52. reduction geanng (not shown) 
^^'lt^S^iSaTeS;t.S^o^^^^ 

^^i2I=^«^2;fa^5 of slide 34 which partly encircles pivot 36 at afixed radial distance. TTie a^s. of ftiction wheel 
^^^^^^^^^^ faction whei in contact with outer surface 74 of slide 34 aj^nces one 

36. Drive motors 76 and 80 are also provided fpr rotating the.tool .and wori. gear. 

resp^ely. associated with either a linear or rotary encoder as part of a CNC system 

whi^^gtSii^elSSJifSTLdrive motor, ina^^^ 

vide feedback information to the computer concerning the actual positions of each of the ."^o^® J^f^ ff^' 

^o^Sn^Ie in the embodimerTillustrated. movement of carriage 18 on slides 16 '^r^^^^ ^ 'Ti^l 
46 nXe^of tool head 22 in slides 20 is measured by linear encoder 54. and movement oftable 32 on s^ 30 ^ 
mea^SSnineSencoder 62. Arcuate movement of wori. head 38 about pivot 36 .s measured by rota^encodw 70. 

ScSie^Ts JSS are also provided for measuring the rotational positions of work ^ndl e 40 and tod sp^dle 
24^7sp^Sy In accoidance with conventional practices. H would also be p<^ble to substitute ^"'SSi^ 
frKiirS, meiuring the rectilinear movements by measuring the rotational positions of the associated diwe motors or 
SSL^ITto 2S.Sany other suitable means for measuring the respective posrtions of the movable a^. 
S^gh he mistiated emLdiment includes a particular arrangement of movable structures for relativjy posrhon- 
ina theroSv to^ and work gear, in principle, many other arrangements may be used to provrie the same freedoms of 
•SSS^^rdrngS^^^^^ to provide for moving either the work support or tool aipport relative to the 

^S^^^S^^lla^^ axL For sample, any of the recbiinear axes may be a^ociated "^^f^^f 
tl^ too support or work support, and either the todsi^portorworka^^ with respect to the ofrier. 

nl^^r Tn ac^^danTe wit^i ^^^^^'^^^^^^^^'^^^ 
T and woric axis W for appropriately orienting the axes relative to each otiier. For example, it is important that the woric 
ITw^ axis T £e rSativei^ movable with respect to ti.ree rectilinear axes and one ^^t^tiona, O-e P^t) a^^^^^ 
and that the rotary tool and wori< gear are each rotatable about their respective axes. It is '^^^ 
axis T or work axis W is positioned in a fixed angular orientation with respect to machine base 1 0 and that pivot axis P 
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is associated with the arcuate movement of one or the other of tool axis T and work axis W. Further, it is important that 
both work axis W and tool axis T are inclined with respect to pivot axis P at fixed angles. The respective inclination 
angles are selected so that the sum and difference of these angles defines a predetermined range of angular orienta- 
tions between the tool and work gear axes about the pivot axis for accommodating generating movements of a theoret- 
5 ical generating gear in mesh with a wprk gear. 

A range of possible angular orientations between tool axis T and work axis W assodated with the relative position 
of pivot axis P is illustrated by way of example in Rgure 4. Ail three axes are depicted as directed line segments In the 
drawing plane of Rgure 4. Pivot axis P Intersects tool axis T and work axis W forming included angles "pt" and "pw." 
These angles measure the respective inclinations of tool axis T and work axis W with respect to pivot axis R The incfi- 
10 nation angles are defined as the included angles formed at the intersections of tiie pivot axis with the tool and work axes 
in a common plane within which all three axes appear true lengtii. The sense of direction of pivot axis P as a directed 
line segmerit is selected to minimize the sum of the included angles pt and pw. In the example depicted in Rgure 4, 
angle pw is equal to approximately 45 degrees and angle pt is a right angle G.e.,. 90 degrees). :.c 
• " Both the maximum and minimum angular separations between two directed line segments are measured in posi- 
75 tions at which the directed line segments appear in the same plane. Accordingly, both the initial and rotiated positions 
of tool axis W about pivot axis P through 180 degrees are shown in tiie drawing plane. The rotated position of axis W, 
however, fe shown in phantom fine and designated as "Wr* The minimum angular separation between tool axis T and 
work axis W is measured by angle "pmin" and the maximum angular separation of rotated tool axis is measured by 
angle "pmax." It may now be observed that minimum angular separiation pmin is equal to tiie difference between angles 
20 pt and pw, and maximum angular separation pmax is equal to the sum of angles pt and pw. : ' ■ - : . / 

^ In the illustrated example, angle pmin is equal to 45 degrees and angle prnax is equal to .135 degrees. JHus. the 
^rahge bf angular separations which can be accommodated between the tool axis and work gear axis using a single 
""pivot axis P oriented perpendicular to one axis and making an angle of 45 degrees with the other is between 45 and 
1 35 degrees. It may ajso be noted that 1 80 degrees of relative rotation between the tool and work gear axes is required 
25 to aichieve only a 90 degree range of ang^^^^ : ^ ' - .'t^ v/: .. ; . , • 

' However', by orienting pivot axis; P perpendicular to both the tool and work gear axes in accordance with thepre- 
feri-ed embodiment, a full range (i.e.. 0 to 180 degrees) of angular separation between tiie tool and woricgear axes is 
possible. In addition, each angular degree of relative rotation between the tool and work gear axes exactly corresponds 
ta the saline amount of angular separatiori between the axes. This minimizes the amount of angular rnachine travel 
30 required to acNeve a particular -r . t -^Tir . i - • :r •:r..:V:-. 

Oi-dinarily ia range of angular separations between the tool and work axes of . approximately 0 to tOO degrees is 
required to appropriately represent the working range of a conventional bevel and hypoid generating machine. Accord- 
ingly, if tfie pivot aids is positioned dthei- than pierperidicular to both the too! and work axe^ it is preferred that the differ- 
ence between ^the r^espisctive inclination angles approaches 0 degi^ees and the surh of the Inclination angles 
35 approaches 1 00 degreeis. A rfipre general way of stating this fs that the difference between the incfination angles of th 
' tool and work gear axes with respect to the pivot axis should be less than ieitiier one of the respective inclination angles. 

A CNC system for governing the operation of the respective drive motors is schematically illustrated in Rgure 5. 
The syst^ indudes a microcontrpller 90 which receives sletup inputs 92 in the forrti of a series of constants which 
define a desired relationship between a particular work gekr and a theoretical generating gear represented by the rel- 
40 ative positions of the work g^ar* and Yotairy tool. The microcqntrolfer comprises the usual features of a microprocessor, 
input-output ports, memory arid digital-to-analog converters. Additional operating inputs 94 to microcontroller 90 are 
'providiBd for cbritroHing movements of the tool and work^ gear dijring actual gear making operations (e.g.. operating 
• speeds, feed rites, start-stop positions, machine cycles, etc.). The setup and operating const a nt s irtay/tf desired, be 
representative of those used in a conventional gear making machine. Both inputs may be acquired interactively with an 
45 operator tiirough a keyboard and CRT (not shown) or indirectiy tivough istorage medium 96 (e.g. RAM). The series of 
constants defining the setup and operation of the machirte may be stored in advance of operation for a number of dif- 
ferent jobs so that a variety of jobs may be performed sequeritially withouf requiring furttier operator intervention in 
accordance with standard CNC practices. - 

Microcontroller 90 is controlled by a program 98 for recavirig the input data and calculating the desiVed path of each 
50 of the controlled axes to appropriatefy represent the theoretical generating gear in mesh with the work gear, the calcu- 
lated infbi^mation concerning the desired next position of each of the machine axes X, Y Z, P, T and W. is compared in 
a servo-position control loop with information regarding the actual positions of the respective axes obtained from encod.- 
ers 46, 54, 62, 70, 78 arid 82 and the differences between the actual and calculated positions of each movable axis are 
used to control respective drive motors 44, 52, 60, 68. 76 and 80 associated with each of tiie axes. 
55 During intermittent indexing operations, the rate of change of axes X. Y, Z» P and W along their designated paths 
is determined in accordance with the desired rate of rotation the theoretical generating gear input at 94. The rotation of 
the rotary tool about axis T is independent of the movements of the other axes. However, during continuous indexing 
operations, one portion of the rotational rate of the work gear about axis W is determined by the amount of rotation 
desired for the theoretical generating gear and a second portion of its rotational rate is determined as a fixed proportion 
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of the rotational rate of the rotary tool about axis T. 

CNC systems for controlling movement of muMpie machine axes along P-^^^^P^^^^'^:'^^^^^ 
Such state-of-the-art systems are incorporated in the present invention to control movements of detected axes ator^ 
orin?^ wTfor f^?ming tooth spaces in bevel and hypoid gears according to a rolling pro(^.n ^^'^^^ 
rS^mSh vl a theoretiLl generating gear having an axis of rotation which .s allowed to vary w* respect 

'"''^hTpTiserJl^ention in Ks preferred embodiment provides for receiving inputs 92. 94 in the torm °f «>n^ 
whicTiSr^e s^Cand operSing characteristics of a conventional generating "^^''h'ne M.. one wh^ tte^^^^^ 
wnicn^eary ^^^^ ^ Prooram 98 includes a series of instructions for defining an alternative coor- 

Dositively located by three cooitlinate measures and one angular measure abou^ a predetermined 
^^^or^ alsMdZa series of instructions for perfom^ing a mathematical transfbrmabon of known 
'^^;^nJIf«?S2SS<a«J^^ withrespecttoaco^^^^^ generating machine into measures along ttiree 
?SnrIL 22SrJ^e'p^^t5,eTewcoo.tf^^^ The known 7^?^°-' f^-^^^i^^^^^^ . 

S STut^ir re^ective axes in the conventional machine also forms a partof th« ' 
«^^nS rotationJ^ons of the toc^ and wori. gear in the n^ coojjn^e >l<^^i''^^^^^^ 
SSoperations. the relative rotational position of the tool may be controlled independently of «^e.°t^e fx^^rxJ 
eSSom the transfomnation. The resulting me^es along the three rectiLnear a^ ^S^L^e 
t^Te^t axis, the work gear axis and. If necessary, thetool axis are used to control, corresponding machm 

'^RaSi"r^S'^e schem^cfl^^ 

;v«i2^ rf^^^eS .Son in response to input parameters of a conventional bevel and hypoid generating 
^h5::inp^SS3Si;deSthegene^l.Scwhlchisrec^^^^ 

the-new machine with input infonretion readily available for cotwenfiorial genera^ ^^-.21 , 

•Z Su^i two parts which are illustrated respectiveiy in Hgures 6a and 6b.. Figure 6ajs a f^ chart 

a mrp^v:SSf5ntrols'machine operation, and Figure 6b is a ftow. chart of a ^J^" iS^c;^f5 
. icecuteS in parallel with the main program at recurring intervals. The main P™9f^ P?^^ Z 
idling the movable axes of a conventional machine, and the interrupt .^de perfo^rre a senes ^alari^ns^ 
S^Sg tL corresponding positions of the movable axes of the m^^ 

■ S^iST^^ielN?; seiC^^n control loop of the new machine. The interrupt cycle teniporanly hjte 
S^S^in program at predSnined inten«ls a«l returns control to the mam program upon completon of ttie 

^^''^^ iS'illfc^'Sn^ o^^^ 6a receives tm types of input at block 100, These are.::(a) VM^ setup ^^^jf^ 
aco^enS .SiliS, indudethe posi^^^^ 

to^kSSJrolation for generation and the relative speed of tool rotation with.respect to work gear.rota^ion for covbn- 
u^o!Z^^■% %) operating parameteis such as operating speeds, feed rat^. stert-stop pos^ons. m^ne 

'^''^lel^itial 'sei paiimeiers are passed to the interrupt cycle of Rgure 6b ^^;'"P"*>'°^ '^^^^^^^ 
respSrely The operating parameter, however, are retained in the main program. The first.exemplanr oPf ^hon p^- 
Srm^L main progrinfe designated at 108 in Rgure 6a.Th.is operation provides for startingtool rP^o^i^ 
S an imaginary cradle and sliding base of a conventional machine to their respective ^^ f^^"^^^^' 
^T^^ which riresent respective inaemental changes in the tool and oadle ro^tional P^^rt^"?^,^"^ ^ 
Sn«tfSositk>n. Zd variables cfc and ^ which represent respective positions of the cradle ^ slidrig bas^upon 
^Sn"^ operation, are SculatX tNs operatioa The interrupt cycle. ^^'^^^^^^^^^^^ 
monrtors these variables at input block 1 1 0 and performs.additional calculations using ttie updated values of these.yar- 

iables to determine con-esponding positions of the movable axes of the new machine. ^ ^ 

The calculated values of the variables At. Aq and AXj, may represent desired incremental ctiang^ 
of the conventional machine axes over a given time inten«l between succe^ive ^^^^TS? ;f^o2^ri 
movement of the imaginary conventional machine axes may be controlled by the. calculated magniUides of these van. 
^i Se opeion lOsVelies on the operational parameters input at 1 00 to set the .respective values of ^^^^ 
bles for conlroinng such things as tool speed and the starting and stopping rates of the imaginary cradle and sliding 

^^^The calculated values of cfe and Xi» control the desired end positions of the cradle and sliding base associated v«th 
operation 1 08. The interrupt cycle also monitors the values of these variables to discontinue further 
cradle and sliding base once their desired positions have been reached. Operational parameters input at 100 may be 
used to specify particular values of variables and Xfag for each operation. 

A decision block 1 12 follows operation 108 and holds the main program at operaton 108 untl the axes of the new 
machine have reached their desired corresponding "start" positions specified by variables q, and ^. TypKally. the start 
position of the imaginary cradle is at the center of generating roll and the sliding base is positioned oul of engagement 
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with the work gear. ... 

■ The next step of the exemplary main program is to control the feed movement of the sOding base into full depth 
engagement between the rotary tool and work gear. This step, shown at block 114. rec?uires the calculation of new val- 
ues for vanables iSXb and Xb^- The imaginary cradle is maintained at the center of the generating roll by holding variable 
qs equal o rts calculated value of the previous operation, and the topi rotational speed is maintained by a constant value 
of variable At Calculations performed by the interrupt cycle are updated by the contents of variable AXs to obtain the 
ne^desired positions of the new machine axes representative of desired feed movements of the sliding base of a con- 
ventional machine until the full depth feed position represented by tiie cun-ent value of variable Xk, has been reached 
> Decision blockl 16. in a manner similar to decision block 1 12 discussed above, holds the operation of tiie main oro^ 
10 gram at operation block 114 until ttie axes of the new machine have reach«l their desired positions correspondir« to 
tiie dhding basepcsition of a conventional machine specified by variable A similar format of operation and deciSon 
^wocte IS assembled in the main program for each set of movements of the conventional machine axes required to com- 
plete tiie generation of tootti spaces in work gears, . ■ -^^.--r , •. , 
; example, operation block 118 and decision 120 cooperate to control tfie movement of the imaginary^cracae of 
16 tfie conventional machine to generate woricgear tooth surfeces by envelopment. During tiilsoperation variable X.. may 
be maintained at the full deptti engagement value calculated in the previous operation. Variable Aq is controlled to pro- 
1 J[^""^."'*^*'°" °^ ^® ^^^^^^ cradle to represent the roHing engagement of a theoretical generating gear In 
mesh with tfie woric gear. The end position of cradle roll is specified by the ralculated. valufi of variable q ' 

Operation 122 and decision 124 provide for relatively withdrawing the tool from the work gear afterxompletion of 
gener^ng operation 120. Rnally. deidlsion T2& provides for ending the machine operation ortehirning to eariier por- • 
tons of tiie mam program to generate a similar woric gear or one pf a different specifcation. If a similar worit gear is to 
be produced, it is not necessary tp repeat ttie input of setup and operatirig constants at block 100 - . ^ • v 

The timed intarupt portion of the program, which operates in parallel with the main program, perfonrsa series of 
-calculations on a repetitive basis at a predetermiheKi interval of time {e.g.. fourteen milliseconds). Execution of the main 
program IS temporarily halted by the intend cycle at tfie predetermined time intervals to pertbmi a series of calcula- • 
tons and control is retumed to tiie main program after completion of each cyde Dedsion block 128. however, bypasses 
the calculation sequence of the interrupt cyde andretims controltothe rnain program ihthe event that amachine dper- 
^ationis not in progress.'? s^a.y .-i-.*: 'f'-.;;V;.-:- ' r-.-.-, •r-, ,r,s;3fc-.; r?--.- ••• • : ■ 

The first s« of calculations peribrmed wittiin tfie intemipt cycle are shown in block 130. The operation combines 
inforrotion concerning ttie reference pre^ ofthe movable machine axes of tfie conventional machine from input =- 
block 102 wrth changes Tn tfie positions of ttiese axes sjsedfied by the main program at inputWock 1 10 to produc^ val- 
^"^^^ *° ^® desired positions of tfie convenhbhal machine axes. Input block 11 0 includes ttie current val- 
ues of vanables At. aq. AXb. q, and Xi^ from ttie main program. Reference positions of ttie ftbol; cradle and sfiding base 
from input block 102 are designated as to, qo and Xb^ respectively. These values are relied bn only bnce iri the interrupt 
cycle to3 initialize reference positions of ttie convention^ machine axes and ttiereafter assume ttie last calculated values ■- • 
of machine axes positions. The results of calculations perfomied in operation block 130 are passed to ti-ansformation 
operation at 132 as variables t q and XJ, which represent ttie next desired positions bf.tfie movabfe conventional 
-machine aMBs. ~ ■.; .:>•■.■■• ~.r.--.- rv ■ - . -• -;\--}.- y . •••:•■•.>..•--...•-- .-• • - 

However, once the calculated positions of variablfes q or Xi, reach equivalence witti ttieir assodated end po^'dns 
specified by variables q, and Xi,...the ciifr^ contents of variables Aq or AX^ are ignored (i.e.. set equal to zero) This 
enables vanaWes q and Xt to be maintained at desired positions at ttie cortpletion of each operation 
- In addrBon to variables t q and Xb ti-om operation 130. tfie tiansfomiatioh operation also receives inpirt from block 
104 in the fomi pf a sen'es of sefeip constants (see blodc 132) assodated witti ttie fued setup axes of tfie conventional 
machine. These constants are designated as s. E„. g„,. i and j. Conventional madiine settings represented by tfi^ 
setop constants are descnTjed in connection witti Rgures 7.ttirough 9, irifra. A mathematical tiansformatioh operation 
which IS also described in more detail below, is peribrmed for eadi of ttie movable madiine axes of ttie hew machine 
as a f unction of ttife setup constants from block 104 arid ttie next positions of ttie movable coiiveritiorial axes from oper- 
ation 130. The results of ttiese operations are received by (a) variables x y and z whfch specify corresponding positions 
Of ttie respective rectiTinear axes X. Y and Z of ttie new madiine, (b) variable g„ which specifies ttie corfespohdrng 
angular position of tiie work gear axis relative to the tool axis about pivot axis P arid (c) variables alpha and beta which 
specify phase angle adjusbnents to the rotational positions of woricaxis W and tool axis T associated witti tfie tiaiisfor- 
mahon to ttie cooidmate system of ttie new machine. 

A subsequent operation 134 is performed to deterriiine tfie desired rotational position of the work gear axis in 
accordance witti phase angles alpha and beta and.otfier setup constants from input blodc 106. The remaining setijp 
constants supplied by blodt 1 06 indude ratio of roll constant Ra which specifies tfie ratio of relative rotation behween tfie 
imaginary cradle and worit gear required for generation, indexing constant which specifies the ratio of relative rota- 
tion tsetween tfie tool and work gear for continuous indexing and reference constant Wo which specifies a known rota- 
tional position between the tool and work gear. Ottier constants (not shown) may be used to f urflier adjust ttie woric gear 
axis rotational position for duplicating special mofcns of conventional machines such as "modified roll " 
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°'^~?l'Lb»d values of X y 2 a. t and w are then output 10 the s«voi«»«ion a>nW loop rt lh.^^ 
*,<ISCSr«2!:S^iix?'iP.T»>dWo.then«n«<«ne.^ 

program until the next 'ntemipt. . ^ Jiculations reouiiBd for controlling the operation of the new machine 

Y and the (mlv variable in the transformation fundion which is subject ID Change IS a • ' • - . '^.i^ 
^ SS^L^ trfTeo^ut variables of the transformation operation 1 32 change only in respor^ to changing >^u^ 
nf ^ri^e? teota^ ^ which list precalculated values for the output variables over an expected range of values for 
.^S^f q ™y~^uSS^ f^«S Llhemaiical transformations peribrmed by this operation^The table ^P;^^^ 
.SS^S^m^ be reduced in size while retaining desired accuracy by applying well known interpolabon tediniques 
<br values of a which do not ejacUy match nsted values of q in the table. - .: ' • ■•' ^ ? j l;^- ^ 

v^iSrrm^y then be Ld to modify the value of z fisted in the tat^e to W^ty ^SSfie 
^^^rZn^r^ Thefisted values Of the other oulput variables Of operation .132 (X. y..grt. alpha and beta) are treated 

r^eTe-SS^Sporto.^^^^ 

a^J^^ a replacem^rTfor lengthy calculation procedures shortensj^e required t.me ,nt^l of the 

inteiruDt cyde and may contribute to improved accuracy and speed of machine operahon. ; « - :■ ^-^/^ 

iJ^fri^SSof the present invention the term "machine deterniining" refers to the operation? Pf computer input 
and iSSS^uir^ S^n^at desired portions of the movable machine ax^. ^hu^.the c^ton^oil^n^ 
^cS^f^gSng purposes may be summarized by the steps of: ta) machine detem^njng jnrbal 
.^moSTmSneSi S the new machine based on setup parameters of differently ~nf|3ured oU coiw^ 
fo^J^^IV^wTenerating machine, (b) mpying the axes of the new machine to the inAal ^^^^ 

ope^ng positions of the axes of the new machinebased on oP^^^-ns. P^^^*^S 
'• S to refaZSements S^the difie^ently configured axes of the conventional. mad,ine, (d) moving *e aj^^ 
. ..S n^ne to S^further operating pos^^ 

■"^^be-apirectted 

of ;^st amourS^Sf know-how for developing desired tooth geometry which has been a^mulated in terms J^the setop 
XerX^f conventional machines, in addrtion. this k^^^^ 

oresent invention which obviates many of the physical limitations, such as limited ranges of tool liit whidi characiewe 
^Src^^rntZTrSchines. Fuiiier. all Sf the known special motions ofparticular 9---2SinT^ "iS^t^^^ 
^nelical motion- and "modrfied rdl" may be readily accommodated in th? pr^entinvention ^J^"'^^^^^ 
tions on the conventional machine and perfomning the required transfonnaton into the coordinate system of the new 

Qures 7 through 9 depict known geometric relationships which describe.setup parameters for p^itioning & tool 
and Sri on^Siwerrt^^^ bev^ Li hypoid gear generating machina In each f^ure. the geometnc relationships 
are superimposed on a partial outnne of the conventional machine. \. ^ , ^ -.^n w rrrfaSnn 

outline depicts tool support 140 and work support 142. Cradle 144 is mourted in tool support 140 fo^ "toton 
" about c^dte axis 'C,' which is a^so the axis of an imaginary generating gear defined by the machine setup. Tilt mech- 
SIi^Is tdTotar; tS 148 are carried by cradle 144. Rotary tool 148 is joumaled in tilt mechanism 146 for rotaton 
about tool axis Tv" Work gear 150 is joumaled in wori< support 142 for rotation about ^ gear ^s "W,^ _ 

It maybe obsived from the figures under discussion thattod 148 has been reduced in size wrth respect to the ^- 
ical proportions of a conventional machine and has been rotated about cradle axis out of operatve 9^"^^"^^^* 
work gear 150 to permit a dear illustration of the geometric relationships involved in thesetup of ^^'^^^^^^ 
machine. During operation, tool 148 is positioned in operative engagement with workgear 150 and is ^otajed abo^^- 
dle axis C, in a timed relationship (e.g.. ratio R,. supra) with the rotation of work gear 150 about its ^x-s Wv In m« way 
a relative rolling motfon is imparted between tool 148 and work gear 150 as though the work gear were in mesh witin a 
theoretical generating gear having an axis of rotation coinddent with cradle axis C{. Continuous indexing operatons 
aiso require a timed rotation (e.g.. ratio R<, supra) of tool 148 and wori^gear 150 about their respective axes. The timed 
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rotations of work gear 150 due to generation and continuous indexing are superimposed on one another to control 
resulting work gear rotation. 

Tool axis includes a point "A^ " along its length at end face of tool 1 48. Point is considered the tool center and 
is understood to lie in a vertical plane 'VR" which extends perpendicular to cradle axis C-f at point "O-j" along the cradle 
axis. Plane VR is refen;ed to as the "plane of cradle rotation", Pofnt A-| is located in this plane by length "s" of line seg- 
ment O-i-A^ and polar angle "cj" measured from horizontal plane "H" which extends parallel to work gear axis and 
includes cradle axis C-j. 

Work gear axis is positioned at a distance "En," from horizontal plane H. This distance is generally refen-ed to 
as "work offset". In addition, work gear axis is inclined to the plane of cradle rotation VR by angle "9^1". A point "Pq" 
along work gear axis Is defined by the intersection of work gear axis with vertical plane "VA" which includes cra- 
dle axis Ci and extends perpendicular to horizontal plane H and tine plane of cradle rotation VR. Point Pq is offset from 
the plane of cradle rotation by the distance "Xb". This parameter varies with tiie depth of tool penetration into the work 
gear. ' ^ ■ 

The desired orientation of tootin surfaces on the tiieoretical generating gear is achieved by inclining tool axis T^ with 
respect to line "IVJ" which extends perpendicular to the plane of cradle' rotation at point A^ .' Angle "i" is shown true* lengtii 
in the elevational view of Figure 9. The angular drieritatioh of the inclined tool axis iri the plane of cradle rotation (Rgure 
7) is givert by angle ^" which is measured with respe<^ td a line "M" extending perpendicular to line segment OfAi in 
planie VR. Angles i and j are referred to a^ tiie^m^^ "tilt" arid "swrvel", respectively. ' - :• ; • v - . . 

during operation of the ^nventibnarmaehih tobi axis T«| fs rotated about cradle axis tiirough a chang- 

ing angle q in a timed relaitionship the rptetibn of work gear 1 50. The change m angle q has the effect of changing 
the angular briOTtation of tool aids T^ With reject to the fixed refei^erice planeis VA and H of the conveiitional riiachine. 
This enables the tool to repr4s4nt tiie inclihed tooth surfaced of a theor^etical generating gear being rotated about a fixed 
jbds cbihckient yin^ ' - ^ ^^Ti^ . ; • • . , . . 

For piirpbses of further identification of thie ihitiai setup requirements of a conventional niachine, a Cartesian coor- 
dihate system defined by tfiree miit^^ "ea" is oriented coinciderTt with reference . 

pfen^ VR. VA arid K. Uniif v^ors e| ancl feg appear the respective traces of horizontal plane H and vertical plane VA 
through vertical plane VR. Unit vector 63 appears in tiie trace of vertical plane VA through horizontal plane H. : : ' 

. Work gear axis VV^ has; been extended to include unit vebtor "g-i" along its length. Unit vector g^ may be defined by 
;tlie following relations^ " ' ' - f - ^ ' v:. 

Unit vector "a^" is added to identify the rotational positiph of work gear 1 50 about ^s and is defined by tiie following 
vectoi' cross product: ~ " r'^"-— ■ ; . o • . i.y •-■•:/-:,.v . . - .... • • 

Unit vectors g^ and a^ identify tiie orientation of work gear 130 on the conventional machine and are shown true length 
in Rgure 8. 

The views of Rgures 1 0, 11 , and 12 correspond to tiie views of Rgures 7. 8 and 9. However, the outline of the con- 
ventional machine has been removed for improved darity of the constructions and additional reference lines have been 
added which will now be discussed- 
Vector ri extends from tool center A-j to point P© on work axis and thereby locates point Pq witii respect to tool 
. center . In terms of the previously discussed settings of the conventional machine, vector r^ is defined as follows: 

r^ =(-scosq)ei +(ssinq-EJe2 +Xb eg. 

Although in the example under consideration pivot point Pq lies in the trace of plane VA in Figure 8, it is contem- 
plated that other positions of the pivot paint along the gear axis may be used to minimize machine motions for a partic- 
ular range of work gears. For example, the pivot point Pq may be moved through tine distance Pg (not shown) along tiie 
gear axis from tiie intersection on the gear axis with plane VA. In that case the right side of above equation must be 
modified by subtracting the terni Pg g^ to redirect vector r^ to the hew pivot axis location. 

One example of the desired machine configuration in the present invention in accordance with the illusti^ted- 
embodiment provides for positioning tool axis T^ perpendicular to tiie plane of cradle rotation VR.^This may be accom- 
plished while preserving the relative orientation of the tool and work gear with respect to tiie conventional machine by 
rotating both the tool and work gear axes about a line which extends perpendicular to tiie trace of tool axis T^ in plane 
VR (i.e.. the plane of Rgure 10). 

Accordingly, unit vector "v" has been added in plane VR along a perpendicular to the trace of tool axis T^. Unit vec- 
tor V is expressed mathematically as follows: 
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V = cos(q - D e ^ - sm(q - j") eg. 



Tool axis T, is aligned parallel with cradle axis by rotating both the tool and work gear axes about 
angur^oul l,uS in magn^de but opposite in direction to angle of t1t 1. Howeve. fjf--^^^^^ % ^f^^^^^^ 
Sen selected toVeorient the tool axis to a desired angular orientation,0.e.. perpendicular to plane VR). it on^nec 
eLi^o^^^^^^^^ vectors g„ a, and r,. The rotated posrtions of these reference vectors are given, respectvely. 
vectors "g". "a" and "r" according to the following relationships: 

g = (1-cosO(gi • v)v + cosigi+.s«ni(vxgi) 

• a = (1 Tcos0(ai VV) v + cos i +sini (vxa,) 

r = (1 - cos OCi"! • v) V + cos i r, + sin i (V X r,). 

• • ' views'of Rgi^es 13 and U correspond ^^^pecQvel^tolt^^ and 1^. Hc^w^^bec^^ 

^the h^eT^im^Snt fines which must be shown, in the relatively small vjew^of Rgure ^^JJS^^X, JtIS 
ar^tiV«^andedlnF.gure1Z 

Sin I^^eir aibscripted designations (T, and W,) at tiieir initial poshSons. Similarly, reference yecto^g. a gnd 
Ta^^S^n th^rnS^ffi^ ^ ~ntrast to' tl^eir inmal positions de^gnafed by cpn;^pon^ing f^J^Pt^f.^^^ 
■ ti (g?T^ r!). VectoVVnow ectends from the new position of thetpol center at point "/^^ pcMnt p^^o^^^ 
: pa^S'^^jSTdiribed rotation, thrne^^^ 

•Raurel? This ccifrespords to the portion i^^^ . ■ l^' ^ ^ U^iir^^ 

T^rplanTc^Fi'^IS rS^n^' be considered as the front plane of the new gear making 
invention -ntl t^^ T is now perpendicular to the front plane of the new machine. However, it is also desired th^ 
^aS JTS'SS^fn a hStoSSane of the n^. maiSna This is readiiy accomplished by d^o^^ IJe trace J 
Tnt^ii^oI^^S^to i^^^^^ new prieniation of Jne wo^^a^, reference vector g projected into the plane of 

'^"!r,Sj'orti;)gonaI coordinate syslan is nw^a§i^tott^^frort|an^^ 

o^ogoS^^ SSm indJSig a5ces X. Y and Z is centered at point P. and Je X a»s pf rhe "^J^^J^l 
sSem fe al^^ with the projection of Vector g in the plane of Rgure 13. The Y ^^^^^^^^^ 
n£e of Raure 13 0 e the front plane of the new machine) located 90 jJegrees counter-ctockwKe of the X »as. 

F«uSTst^^ me neL h^^ plane of a fnachine cSnfTgi^ed in aiccordance with the present invention wh«e 
t,aceSJ>^2ti^^^^1^F.gu,Bl3.Vrka»^ 

tiS^olSpIane of tiie new machine. The thiid orthogonal axis Z of the new coordinate system is denned m the plane of 
35 Raure 15 located 90 degrees clockwise of the X axis. ^ ^ ^ ^ ^u;.«rs««t 

F^r ptj^ of fuliner calculations, unit vectors u,. u^ and u, are respectively attached to the new orthogonal 
coordinate axes. The orthogonal unit vectors may be mattiematically defined as follows: 



"2 = 63 



Uy-(gxUj)/lgxuJ 



:UyXU3 



The location of tool center A in tiie new coordinate system is identified by nieasiires x. y and z along the respective 
coordinate axes as given l5y the following relationships: 



so ■ y = r • "y 

z = r • u,. 



55 



Point P„ the origin of the new coordinate system, may also be considered as the point in the new machine about 
which work axis W may be pivoted in the new horizontal plane. Pivot axis P extends ttuough point Po atong the Y coor- 
dinate axis. TTius; in the horizontal plane of Figure 15 in which botti tool axis T and work axis W appear fr^^ 
axis P extends perpendicular to both axes and the plane of tiieir view. The angular separation between the tool and 
work gear axes "gm" shown in Rgure 15 may be calculated as follows: 
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sin 9^ = -^ • u^. 

The relative positions of tool axis T and work gear axis W may now be completely defined by four component meas- 
ures, namely, x, y. z and 9^- The movable machine axes of the new machine provide for independently adjusting the 
relative positions of the tool axs and work gear axis along each of these component directions. It may now be appreci- 
ated that the orthogonal coordinate system defined in Figures 1 3 tiirough 1 6 exactly corresponds to directions X, Y and 
Z illustrated in Rgure 3 for defining the direction of movement of the various machine axes in tiie present invention. 
Pivot axis P. work axis W and tool axis T in the layout of Rgures 1 3 through 1 6 also con-espond to the same named axes 
defined for the present invention in the earlier figure. . 

In addition to controlling the relative positions of tool axis T and work gear axis W. it is also important to control the 
rotational position of the work gear about its axis W. Rgures 8, and 1 1 illustrate rotational reference vector a^ in its initial 
position in the horizontal plane of the conventional generating machine. Rotation of work gear axis Wi about vector v 
moves vector a^ out of horizontal plane H of the conventional machine to position a. Rgure 16 is a view looking down 
work gear axis W showing the rotated position of vector a with respect to the horizontal place X-Z of the new machine. 
^? inclination of tiie key way line segment is given by angle "alpha," This angle risprlsents a phase shift of , 

the vibrk gear angular position with respect to the initial angular position of the work gear in tiie conv^ntionai machine. 
Angle alpha may be defined as: . r - . r- . 

sin alpha « -a ^ • u y. . - 

A simil^ phase adjustment angle TDeta* is required to obtain the new angular position of the tool when a continuous 
indexing metfiod is used. The continuous method superimpose a timed relationship between, tfie tool ard workg^ 
■ rotation In addition to the corWeritional generating motions <^ . - • 

■;_ ^sinbeia=■-v .Uy. • * " >. : >• : ■l' \ "h^ ■ .\ 

.... t ..... ^r-r. - j 

Ordinarily, however, it is desirable to maintain tfie rotational speed of the tool constant and the phase adjustment 
angle'beta is transferred to the rotation of tiie work gear. This may be done by subtracting a proportional amount of this 
adjustment in the same predetermined ratio of tool and work gear rotation required for continuous indexing. • ; n'':: 

Thus, the relative positions of tool 128 and work gear 130 defined for tiie conventional generating machine by • 
' piarahieters s. q, g^,; X^^ r and j may now be defined in a new generating machine by three rectilinear parameters 
X. y and z. and three rotational parameters g^, alpha and beta. In the process of generation using tiie conventional 
machine shown in Rgures 7 tiirough 9. cradle 124 and work gear 130 perfbmi coordinated rotations about their respec- 
tive axes. This is known as a relative rolling motion as though a theoretical generating gear were In mesh with the work 
gear. The setup parameter of a conventional machine which controls this function is referericed as Ra Rgures 6a and 
6b. Each position of cradle roll con-espohds to d different polar angle q and a different work gear rotational position. 
Continuous indexing operations superimpose on this relationship a timed relationship (referenced as in Rgures 6a 
and 6b) between the rotation of the tool and work'gear. = . Hfr v . , . 

The above described transfomiatioh to components x. y, z, g^, alpha and beta of the present invention is perfomied 
for each roil position of tfie cradle and the associated rotational positions of the tool and work gear on the conventional • 
machine. New component values of x. y. z and g^. specify the exact positions of the tool and work gear axes on the new 
machine required to represent the same relative positions of tfiese axes on a conventional machine. Phase angles 
alpha and beta modify the known rblatibnal positions of tiie tool and work gear associated with generation and contin- 
uous indexing on a conventional machine to conpensate for changiss in their relative positions which accompany the 
transformation to a hew coordinate system. Accordingly, it may riow be appreciated tiiat the generating roll of a conven- 
tional generating machine may be exactiy represented by corhponents x, y. z. g^, alpha and beta in accorclance with 
the above derivatioa , . . - 

It may be further noted that at each instant of the generating roll tiirough angle q, tool axis T in the above exarrple. 
remains in a fixed angular orientation while work axis W varies in angular orientation within a horizontal plane X-Z which 
is parallel to tool axis T This feature permits both the minimum and the maximum angular separation between the tool 
and work gear axes while requiring the least amount of relative angular motion to change their relative angular separa- 
tions. 

Although tine above mathematical relations have been disclosed in terms of vector operations, the long-standing 
format of choice of gear theoreticians, tine same relations may be readily expanded into equivalent trigonometric 
expressions or collected into a single matrix transformation. For example, an appropriate transformation matrix may be 
defined by an-anging the direction cosines of coordinate unit vectors (e.g.. u^, Uy and uj of the new machine witii 
respect to coordinate vectors (e.g.. e^, eg and e^) of tiie conventional machine in matrix format Reference vectors of 
the tool and work gear on the conventional machine (e.g.. g^. ai and r^) may tiien be transformed into new reference 
vectors (e.g.. g, a and r) in the coordinate system of the new machine by multiplication with the predefined matrix. 
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an oscillatory motion which rocks the flared cup wheel back and forth along tooth length. The approach rs used pnma 
. , ^ . ft,^ he^/el and hvDoid generating machine of the present invention may be used to pro- 

theteachrngs of the present invention as claimed: ' ' . . r> 

Claims *- : ; • r .'.,. ' •/ - • 

tJ - A .mchine W generi^^ longitucfinally curved tooth spaces m. bevel and' hypoid g^ using a tod (26) haying 
■/..slockretnovingsurfaces, having: . :^ ; - 

. ; •. a machine base (10): . ; - ■ ; - ■■• 
- - a tpd support (12) mounted on said base; - . .^•.'■•r 

. .. ; means for rotating said tool in said tool support about a tool axis (7): . /. : r : 

. . . a work support (14) mounted on said base: • . . i . ■; - ' ' ' 

means for rotating a work gear (42)insald work support abputa work axis (W): .,. ^ ^^ .vi ^ 

mS;;i for relative transl'alional movement between said tool support and said work support along 

. . r^^rs^rS^^^^^ 

S^niS^lS^Sing computer conlroning ^^^^^ 

of the work gear, said relative translational movements between the tool and wor^ suppwt,and angd^ 
mc^i^ent litw^en the tool and work axes CF. W) during said generating for imparting a P^^f^^""^^^. 
rolling motion between said tool and said work gear as though said work gear -^[f '"^^^thtiri^ S?^ 
generating gear rotating about a theoretical generating gear axis of rotation and having tooth suriac^/^^^ 
sented by the stock removing surfaces of said tool, said theoretical genera^ng gear spas >«njig ang"!^^^^^ 
entafion with respect to said machine base in the course of said predetemiined relative rolling motion between 
said tool and work gear, - . • 

characterized in that said computer controlling means further comprises means for adjusting said rotation of 
the work gear as a function of said varying angular orientation of sad ^^J^^'^^J^^f^^^J^^^^ 
impose correcfiv^ modif ications upon said predetemiined relative rolling motion between the tool and work gear. 

2. A machine according to claim 1 wherein said computer controlling means further controte said relative movement 
between said tool suppo.rt (12) and said work support (1 4) along said ti^nslationai axes whereby said tool (26) can 
be be carried atong circular and non-circular curvilinear patiis. 
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3. A machine according to claim 1 wherein said computer controlling means further controls movement along the 
machine axes to position said work gear whereby work offset can be effected. 

4. A machine according to claim 1 wherein said computer controlling means further conprises means for determining 
5 initial setup parameters of differently configured axes of a conventional bevel and hypoid gear generating machine 

•of the type including a cradle rotatable about a cradle axis, a tool support having a tool axis adjustably mounted on 
said cradle for inclining said tool axis with respect to said cradle' axis, and a work support having a work axis, said 
initial setup parameters induding at least a work offset parameter; and 

10 means for determining further operating positions of said computer controlled axes based on operating param- . 

eters which relate to relative movements of said differently configured axes of the conventional machine; 
said further operating means providing for performing a coordinate transformation for relating operating posi- 
' tions which would be effected by said conventional nrtachine axes to said further operating positions of the com- 
puter controlled axes. • ' 

IS 

S: A machine for generating ibngitudinally curved tooth spaces in bevel and hypoid gears using a tool (26) having 
stock removing surfaces, having: ^ " ' . 

a machine base (10); - 
a tool support (12) rnounted on said base; . . . ' 
means for rotating said toolin said tod suppibrt abbut a tool axis (T): ^ .c. . : " ' 

a wpilc support (14) mounted oh said bas^; ^^ ^ - . ^ ; * 
'* means for rotating a work gear (42) Fh said work support abbut a work iaxiis (VV); ' 
^ meanis for imparting relative transiational rhovemerrt between said tool support arid said work support along 
three rectilinear axes (X,^Y arid 2); and ^^ -i^^ — • . ■ : ■ :* : : • : 

means for imparting relative ahgulai' movement between said tool support and said work support about a pivot 
: --'^ 'sbds (P); ---=^^* " - • - ■ \ i^i:,^.W„.- ' ■■ ■ r^: . ■■' f^;<-r- --^ irlyi. 

r rri'achine conrprfsrng computer contrbllFng rtieahs for substantially simultan^usly controlling said rotation 
oi the work gear, sakd fetative rectilinear movements betweOT the tool and work suppbit, and said angular 
' - ' - movement between the'tbbi arid work axes foi' imparting a predetei'mined relative irollirig motion tDetween said - 
tool arid said work gear as though said wbrk'gear were in niesh with a theoretical' generating gear i^ating 
about a theoretical geheratirig gear axis of ro^ mov- 
ing surfaces of said tool, said theoretical generating gear axis varying in angular orientation with respect to said 
' niachlne base in the coiJrse of said predetermined relative rolling motion between saitf tool and work g ar, 
said conrputer controlling means further controlling the rotation of said tool about ssiid tool axis substantially^^ 
sirriultaheously with the rotation of said work geai^ about siaTd work gear abds, i^id fo'd rotatibri being in a pre- 
determined timed relationship with the ibta^^ : : ; :7;C: V : 

characterized in that said conputer controlling means provides means for further adjusting one of said rota- 
r** tion of the work gear and said rotation of the tool as a fuhctidh of the varying angular di-iehtatibh "of the theoretical * 
generating gear axis so as to impose corrective modifications upon sakJ predeterrriined timed relationship between 
the tool and tiie work gear in the course of said predetermined relative rolling motion betweeri- the tool and work 
gear. ■* ■ " ' ■ ■ " - ' ' ' 

45 6. A machine according to claim 5 wherein said computer controlling means further comprises means for adjusting 
said rotation the work gear as a function of the varying angular orientation of said theoretical generating gear axis 
so as to impose said corrective modificati'ons. 

7. A method of forming longitudinally curved tooth spaces in bevel and hypoid gears using a tool having stock remov- 
50 ing surfeces comprising the steps of : 

mounting a tool (26) in a tool support (12); 
mounting a work gear (42) In a work gear support (14); 
rotating said tool about an axis (T) which passes through said tool; 
55 rotati'ng said work gear about an axis (W) which passes through said work gear support; 

relatively moving said tool support with respect to said work support translationaily along three orthogonal axes 
(X, Y 2) for initially positioning said work and tool supports (14, 12) rectilinearly with respect to each other, 
relatively pivoting said work support angularly with respect to said tool support about a pivot axis (P) for initially 
positioning said work and tool supports (14, 12) angularly with respect to each other; 
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usina a comouter to substantiany simultaneously control said rotation of the work, gear (42). said rectilinear 
mc^Lem^^eersl-d tool and work supports, and said pivotng between ^J^^i^^^^^^:^^^ 
14^ so as to ooeratively engage said tool with said work gear for imparting a predetenmned relative rolling 
iStion bet^eeS S Si arJLid work gear as though said work gear were in mesh with a ttieoretical gener- 
S getr^tSnT^ a theoretical gierating gear axis of rotation and having tooth surfaces repr^^nted 
bv the rer^oving surfaces of said tool, said translatiorial movemerrt. said angular movement, and said 
StISon^d3ear being controlled so as to relatively orient said tool axis inc ned to said generatng 
gSr whe^n said thiretical generating gear axis varies in angular ^"^^^^^^ '^f^^^ 

t^erthe course of said predetemiined relative rolling motion between sari tool and.work gear. 

characterized in that said substantially simultaneously controlling further comprises adjusting said rotation 
• the woS^^VSals a SncBon of said varying angular orientation, of said theoretical generatng gear axis so as to 
l^fp^e <Sne<SS S^lSSS u^^ S^determined relative rolling motion between the tool (26) and work 
gear (42). 

. A method of forming longitudinally curved tooth spaces In bevel and hypoid gears by a continuous process using a 
tool having stock removing surfaces comprising tiie steps of: •:. • . .. . .. 

rrounting a tool (26) in a tool support (12): 

nwunting a work gear (42) In a work gear support (1 4) ; : , . v. ; :. - ■ . .- - 

rotating said tool about an axis (T) which passes through said .tpol: i - • ■ 

rotatino said work gear about an axis (W) which passes thrp,ughsalclyw)rk gear siwp^ . 
Sely^oTrsS tool supportwith respect to said work support translationally along tiireeorft^^ axes 

S^Sr pivoting J5d work ^rt angularly with respect to saa 
. positioning said work and tool supports.(14.,12)angulariyv^resp.ect^ea^^ 
: SngacoVnputertosubstantially^multaneoudycontrolsaidrotationorthe^^ 

^rt belw^n said tool and work supports, and said pivoting between said tool and wprksuppqr^ for impart- 
- p^^erS^ed reteSve r^^^^^ Son between, said .tool and ^d work gear as though, ^ ^^9^ 

: : wieln3v«thatheoreticalgeneratinggearrotal^ 

S SSTs^c^represerJed by tS^ 
• SS™SS,vement.andsaidrotationofsaidwo^^ 

Ss to^Snerating gear axis and wherein said ttieoretical generating gear.axs varies .n angular 

^nSn^ VipLt to s^ Machine base during the course, of said predetermined, relatye piling motion 

' ^Vk ge^ about said work gear axis, said tod rotation l?elng in a predetentnin6d tmed. relationship with the 
rotation of said work gear; 

' characterized In adjusting one of said rotationof the.work gear and sad rotation <^e too^^^^"J°" "J 

■ thevaiVirigangularorientationof.thetheoreticalgene.atinggearaxis.soastou^^^ 
. . said^etennined timed relationship between the tool and. the work gear in the course of said predetermined rel- 
' ative rolling motion between the tooi (26) and work gear (42). 

Patentanspruche 

1. Maschine zum Herstellen in Ungsrichtung gekrQmmter ZahrizwischenrSume In Kegel- und HypoidzahnrSdem 
unter Verwendung eines Werkzeugs (26) mit materialabtragenden Oberfiachen. umfassend: 

eine Maschlnenbasis (10): 

einen auf der Basis montierten Werkzeugsupport (12) ; 

ein Mittel zum Rotieren des Werkzeugs Im Werkzeugsupport um eine Werkzeugachse (T); 
einen auf der Basis montierten Werkstudcsupport (14); 

ein Mittel zum Drehen eines Werkstuckzahnrads (42) im Werkstucksupport um eine Bearbeitungsachse (W); 
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ein Mittel zurh Erzeugen einer relativen Translationsbewegung zwtschen dem Werkzeugsupport und dem 
Werkstucksupport entlang dreier zueinander orthogonaler Achsen pc, Y und Z); und 

ein Mittel zum Erzeugen einer relativen Winkelbewegunig zwis<rfien dem Werkzeugsupport (12) und dem 
5 WerkstOcksupport (14) um eine Schwenkachse (P); 

wobei die Maschine ein Computersteuerungsmittel umfaSt um die Drehung des Werkstuckzahnrads, de rela- 
tiven Translationsbeweguhgen zwfschen dem Werkzeug- und dem WerkstOcksupport und die Winkelbewe- 
gung zwisChen der Werkzeug- urid der Bearbeitungsachse (T, W) wShrend des Herstelluhgsvorgangs im 

^0 wesentiichen gleichzeltig zu steuern, damit eihe vorbestTmmte relative Abwaizbewegurig zwischen dem Werk- 

zeug und dem Werkstuckzahnrad erzeugt wird. so als ob das Werkstuckzahnrad mit einem theoretischen Her- 
- stellungszahhrad, das isich um eine theoi-etische Waizzahnradrdtationsachse dreht und ZahnoberflSchen 
aufweist, die durch die materialabtragenden Oberflachen des Werkzeugs dargestdlt werden. in Eingriff 
stuhde, wbbei die theoretische Hersteiluhgszahnradachse hinsichtlich ihrer Winkelausrichtung m bezug auf 

IS ' die Miaschineiibasis [m Laiife der vd«i>estinirnteh relativen Abwdlzbeweguhg'zwriischen dem Werkzeug und 

' dem WerkstOckzahnrad variiert - ^ - ... .... . 



dadurch gekennzeichnet daB das Computersteuerungsmittel we'rters ein Mittel zum Einstellen der Drehung des 
' WerkstiJdQ^hhiads als Fiinktioh del* yariierehden Winkelausrichtung der theoretischen Her^efluhgszahhradachse 
20 - umfalM, sodaB die \6ii>estimh^ 

' kbrrigiefenden Modrfikatibheh urrterwbriFeh wird. - " -* * ' •■ ^ - "■ • ' - 

2. Maschine nach'Ah^riich 1, worin das Computersteuerungsmittel weita% die relative Beweguhg zwischen dem 
Werkzeugsupport (12) und dem WerkstucksLpport (14) entlang der Translationsachsen steuert, wodifch das 

25 Werkzeug (26) entiang kreisfOrmig und nichtkreistormig gekrdrrimter Bahheri g^fufirt weixien kanh. ■ • * - 

3. Maschine nach Anspruch 1, worin das Compuiersteuerungsrfuttei werters die Beweguhg entiang der Maschinen- 
achsen steuert. urn das WerkstOckzahnrad zu positionieren, wodurch eine WerkstOck/ersetzung mdglich ist 

30 4, Maschirie^ifiach Anspruch 1 . worin das Conputersteueaingsmi^ we'rters folgendes unfeBtrie^^^ Mittiel zum Bestim- '-- 
men von Einricht-Anfangsparametern unterschiedlich konfigurierter Achsen einer herkOmmlichen Kegel- und 
HypoidzahnradhersteHungsmaschine jeher.M/die ein Ufri eine Gestellachse drehbares Giestefl/einen Werkzeug- 
support mIt einer Werkzeugachse. der einstellbar auf dem Gestell montiert ist, um cGe Werkzeugachse in bezug 
auf die Gestellachse zu neigeh, und eineh Wefksfucksupp^ mit einer BearbeituVigsachse'^entiTait wo^^^ cfie Bn- 

35 rIcht-Anfangsparameter zumindest einen WerkstOckversetzungsparameter umfassen; und ^''^ 

ein Mittel zurri Bestirnmen weiterer Betriebspositionen der computergesteuerten Achsen auf der Grundlage 
vori Betriebsparairietera die mit relativen Bewegungen der unterschiedlich kbhfigurierten Achsen der her- 
kOmmfichen Maschine in Vertsindung stehen; 

wobei die Weheren Betriebsrrdtlel fOr cfie DurchfOhrung einer Kbordinatentransforrratioh Wgen, um Betriebs- 
positionen, die durch die herkOmmlichen Maschinenachsen erireicht wOrden, m^ w^iteren Betriebspositionen 
der computergesteuerten Achsen in Beziehung zu setzen. 

45 5. Maschine zum Herstellen in LSngsrichtung gekrummter Zahnzwischenraurhe in Kegel- und Hypoidzahnradern 
unter Verwendung eines Werkzeugs (26) mit materialabtragenden Oberflachen, umfassend: ' 

eine Maschinenbasis (10); * ' ' ' 

so einen aufder Basis montiertenWerkzeiigsupport (12); 

ein Mittel zum Rotieren des Werkzeugs im Werkzeugsupport um eine Werkzeugachse (T); 

einen auf der Basis montierten Werkstucksupport (14); 

55 

ein Mittel zum Drehen eines Werkstuckzahnrads (42) im Werkstucksupport um eine Bearbeitungsachse (W); 

ein Mittel zum Erzeugen einer relativen Translationsbewegung zwischen dem Werkzeug und dem Arbeitstra- 
ger entlang dreier zueinander orthogonaler Achsen (X. Y und 2); und 
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ein Mitlel zum Emeugen einer relativen Winkelbewegung zwischen clem Werkzeugsupport und dem Werk- 
stucksipport urn eine Schwenkachse (P); 

Sti J^unTiSTniSrotationsachse dreht und ZahnoberflSchen aufweist. die durch die materialabtragenden 
.' SbSth^d^^^STs^ in EingrmstQnde. wobeidieiheorertische Herstel^un^^^ 

"' SSaise S^Stlich ihrer Wink^lausrichtung in bezug auf die .Maschin^ ,m Laufe.der vort>est.mmten 
. 5r^ALaizbe«egungzv«schen^ ' 

w«tei das ComDirtersteuerungsntittel weiters dieFtot^n des Wertaeugs um wesf rrt- 

SS^Lgrotatic^ in einer im vorhinein festgelegten zeitiich abgestimmten Beziehung mrt der Drehung des 
WerkstQdczahnrads erfolgt; 

dadurch aekent^eichnel daB das Co^putersteuerur,gsmitte! ©n Mfttel zur w^eren BnsleUung enty^reder der Dre- 
S£?d2sSSSSS.S Ser der Rotatioades Werkzeugs als Funkfion der vanlererKien V^r^aiusr,^ng 
S^r ^SrSS^HSSSoszahnradaclnse umfaK. urn die im vorhinein festgeiegte zeitlfch abgeshmrnte Bezie- 
SS^rSSS^^J^ W^KJS^^ Werkstockzahnrad im Laufe der vo^estimmten relativen AbwSlzbe^e- 
^^Z^y^^vni dem WertetOckzahnrad kprrigierenden M««ikationen zu untenverfen. , 

M^i-hin* narf, Ansoriich 5 worin das Computersteueningsmittel weiter^ ein Mittei zur Einsteflung der Drehung 
?iw:;^^SfaI^^ci^ervSer^^ 

achse wt^Btum dekorrigierendenModm^ ■ •- 

Wrfiiren 'zum'5^flden in "^2, "^"SS^*"" 

M^^^^ eines. WerkzeiSs mil mat^al^gendep Oberfachen. umfassend d.e folgenden Schntle. 

! , ] Monfiwen ein^ VVerlczeugs (26) in einem Werkzeugsupport (12); < : . 

," . liii^WCT Bines WeristQc^^ - ' 

Rolieren des Wertaeiigs urn eine ^^hseOi; die durch das W 

Drehen des Werk^ctaahnracte urn eine Ac^ 

Durchfuhren relativer Trar^lafionsbewegung des Werieeui^uppirts in bezug auf 

lang dreier zueinander orthogonaler Achsen (X. Y. Z) zur anfSnglichen PosAomemng des Werkstuck- und des 
Werkzeugsupports.(i4, 12) geradlinig zueinander, 

relatives Winkelsch«enken des WertetOcks iri bezug auf den Werbeugs.w>ort urn em 
zur anfangUchen Positionierung des WerkstQdc- und des Werkzeugsupporte (14, 12) .rn Wintel ^«^^^ 
V^^^ eines Computers, urn die Drehung des Werkstuckzahnrads (42). d.e 9«jad''"'9«^«* W «^ 
sS^rSem Werkzeug- und dem WerkstQcksupports und das Schwenken zwischen dem Werkzeug- und dem 
52ri«^upport (12. 14) im wesenflichen gleichzeilig zu steuern. ^as Wertaeug ope^t.y am^^^^ 
sttckzahnrad angreift. urn eine vorbestimmte relative Abwaizbewegung ««schen dem Wert^g u™l J"^ 
WerkstQckzahnril zu erzeugen. so als ob das Werkstuckzahnrad mft ^'^^"J^^^^^J^" jlf^^^^^ 
rad. das sich um eine theoretische Herstellungszahnradrotationsachse dreht und ^ahnoberf^chen aufw^^ 
die durch die materialabtragenden Oberfiachen des Werkzeugs dargestellt werden. in Eingrrff stunde. wobe. 
die Translationsbewegung. die Winkelbewegung und die Drehung des Werkstuckzahnrads ^olch^rt geste"' 
ert werden. daB die Herstellungszahnradachse zur Werkzeugachse reiatv geagnet ausgenchtet wird und 
worin die theoretische Herstellungszahnradachse hinsichtlich ihrer Winkelausrichtung in bezug auf d^ 
Maschinenbasis im Laufe der vorbestimmten relativen AbwSlzbewegung zwischen dem Werkzeug und dem 
Werkstockzahnrad variiei. 

dadurch gekennzeichnet. daB die im wesenflichen gleichzeitige Steuern weiters die Einstellung der Drehung des 
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WerkstQckzahnrads (42) als Funklion der variierenden Winkelausrichtung der theoretischen HersteKungszahnrad- 
achse umfaBt sodaB die vorbestimmte relative AbwSlzbewegung zwischen dem Werkzeug (26) und dem Werk- 
stuckzahnrad (42) korrigiererxien Mcxiifikationen urtterworfen w 

5 8. Verfahren zum Ausbilden in Lfingsrichtung gekrummfer Zahnzwischenraume.in Kegel- und Hypoidzahnradem 
durch ein kontinuieriiches Verfahren unter Verwendung eines Werkzeugs mit materialabtragenden'Oberfiachen, 
umfassend die folgenden Schritte: . - 

Montieren eines Werkzeugs (26) in einem Werkzeugsupport (12); 

Montieren eines WerkstQckzahnrads (42) fn einem Werkstuc*zahnradsupport (14) = ' - 

Rotieren des Werkzeugs um eine Achse (T), die durch das WerkziBug veriauft; 

IS ■ Drehen des WerWockzahnrads um eine Achse (W), die durch den Werk^Qckzahnradsiipport veriauft; 

Durchfuhren relativer Translationsfaewegung des'Werkzeugsupports in bezug auf den WerkstQcksupport ent- 
lang dreier zueinander orthogbnaler Achseri'(X, Y, Z) zur anfanglichen Posrtionierung des WerkstQck- lind des 
■ Werkzeugsupports (14, 12) geradlihig ziieina^^ :> . 1 : . /i. : , • . \ 

relatives Winkelschwenken des Werkstucksupports in bezug auf den Werkzeugsupport um eine Schwenk- 
achs4 (P) zuf anfanglichen Pbsitionierung de^ Werkstuck^ und des Werkzajgsuppoits (14/12) inri Wihtei 
ZLi^nandier; • ' ' •• s> rr:: Jii- .- -r ^. s^:-^^::-*'^ 

- i' 

25 Verwenden eines Computers, um die Drehung des WerkstQckzahnrads. die Translationsbewegung zwischen' 

dem Werkzeug- und dem WerkstQcSibppoft un das Schwenken zwischen dem Werkzeug- und dem Werk- 
stQdcsuppdrt iin w'esentlichen gleichzeitig zu yeuerh.- um e^^^ Abwaizbewegiing zwi- 

schen dern Wertaeug und dem WerkstQckzahrirad iii erzeug^. so als ob das Werfcstudcahnrad^^ mit einem 
theoretischen Hersteilungszahnrad, clas sidh lim eine theoretische l-ler^ellungszahnradrdtationM^^ dreht 

30 ' und Zahnob^'rfiacHen aufweisl, de -dur-ch die m^^ 

werden. in Eingriff stunde. wobei die Trahsfationsbewegungrdie Winketoewegurig'urKi die Drehung des Werk- 
stQckzahnrads solcherart gesteuert werden. daB die.Herstellungszahnradachse zur Werkzeugachse relativ 
geneigt aijsgerichtet wird. und worin die theoretische Heristelluhgszahriradachse Hirisichtlich' ihrer Winkeiaus- 
richtiihg in bezug auf die Maschinenbasi^ irh laufe der vbriDestinvnteh relativeh AbWaizbew^urig zwischen 

35 dem Werkzeug und dem Werkstpckzahnrad variiert. ' ' -~- ' ' " -'^ "'^'-V 

im wesentlidh^n gleichzeitijges Stelie^^^ 

des WerkstQckzahnrads um die Werkstdcldahnradachs^ wbber die Werkzeugdrehurig in einer im vorhinein 
festgelegten zeitlich abgestimmten Beziehung mt der Drehung des WerkstQckzahnrads erfblgt; 

40 - *■ ■■ •' "'"i":-- ^T-::;-:- . ; J. :, 

gekennzeichnet durch die Einstefiung entweder der Drehiing des WesrkstQckzahnrads ipder der Rotation des Werk- 
zeugs als Funktion der variierenden Winkelausrichtung der theoretischen Herstellungszahnradachse, sodaB die im 
vorhinein festgelegte zeitlich abgestimmte Beziehung zwischen dem Werkzeiig: und dem Werkstdckzahnrad im 
Laufe der vorbestimmten relativen Abwaizbewegung zwischen dem Wetoeiig (26) und dem WerkstOckzahnrad 
45 (42) korrigierenden Modifikationen untenworfen wird. 

Revendications 

1 . Machine pour g^n^er des espaces de dents longitudinalement c6urb6s dans des engrenages coniques et hypoT- 
50 des en utiiisant un outil (26) ayant des surfaces retirant la mati^re, ayant : 

une base de machine (10); 

un support d'outil (1 2) mont6 sur iadite fc>ase; 

un moyen pour faire toumer ledit qutil dans ledit support d'outil autour d'un axe de I'outil (T); 
55 un support de pi4ce (1 4) mont§ sur Iadite base; 

un moyen pour faire tourner un engrenage comma pi^e (42) dans ledit support de pi^ce autour d'un axe (W) 
de la pi^e; 

un moyen pour impartir un mouvement relatif de translation entre ledit support d'outil et ledit support de la 
pi^ce le long de trois axes orthogonaux (X, Y et Z); et 
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un moyen pour impartir un mouvement angulaire relatif entre ledft support d'outil (12) et ledt support de .a 

• ^oZ^ "unC^nl — e par o^inateur pour con.aier sens..e.ent .^^^^^ 

cnnnrt de la ni6c6 et ledit mouvement angulaire entre les axes de loutil etde la pidce (T, wj f^naam laaiw 
SKon poS Tn^fun mouvement reLf pr6d6termin6 de roulemsnt entre ledit outii et le^.t engrerjage 
Sm^Sce 00^ si ledit engrenage comme pi^ce 6tait en prise ^ d^^^^^^^ 

tVurnant autour d'un axe de rotation d'engrenage g6n6rateur th6onque et ayant des surfec^ de dente r^^ 
lertS^ p^ li suriaces d-enl6vement de mati^re dudit outii. ledit axe de "'engrer^ge g6n6rate^r ^^onque 
^^eS orie^on angulaire par rapport k ladHe base de la machine au cours dudrt mouvement relatf pr6- 
d6tennin6 de roulement entre ledit outfl el ledit engrenage comme pi6ce. 

«,«et6ris6 en ce aue ledit moyen de commande par ordinateur comprerid de plus un moyen. pour ajuster 
.«Hit. SSit^ariage^om^^^^ en fonction 6e ladite orientation angulaire variable dudit ^ d'sn^e- 

^:^X^Z,u:S.^^^ de, modHications de correction lors dudit mouvement relatrf pr6d«er- 
min6 de roulement entre I'outn etl'engrenage. 

J^Sine'selon la revendirafi^ 1 oD ledit moyen de commande par. ordinsrtV.cqr*OM^^ '^S ™.'^i[!;f!l5 
SS^leSit s^i^d'outn (12) et ledH support de pi^e (14) le long desdits axes de translation, ^ms. ledit outd 
(26) peut §tre port6 le long de trajets cunnlignes circulaires et non arculaires. 

Madiine sdon la re^endiiition 1 oC ledit moyen de commande par ordinat^r contrfiie: de J^]^^^^^^ 
lo^dS ^ de la machine pour positionner ledft engrenage comme pi^ce pour a.ns. pouvo,.r .effectuer un d6ca- 

lage de la pifeca 

K^^ine selon la reviidieation 1 oC l«dft moj^ de commande p^oi^'naleur con'P^^r^;^ 

dSn^S ^fetres d'ajustement inftial d'axes diff 6remment configures d'une madiine g6r,6ratnce d engre- 

ntrSq^es'SSeslr.yenli^^^^ du ^e comprenant uhberc^au -g^^f g^f " 

Cn support d-outil a^rtun axe de Poutil. mont.6 r6glable sur lecfit bercea" pour rj^?r^^^^ 

auSSe du bercTu et un supportde te pi^ce ayant. un axe de ia.pi^e. lesdHs parani^tres d^^ustement .mhal 

'ronprenartajnrairisunpran^ r< - ■ - - . 

un pour d^rntiher d'aulre^ operatives de?& axes 

. , .SrdSpaSnetresdefonctionnemert^^ 

coriiaur^s de la machine convei^^ . : s - - * 

S ^Tmoyen de fonctionnement permettart faccorpplissement d'une transformaton de P°"^ 
.- ISTen raf^rt des positions operatives qui seralent effectu^es par lesdrts axes dp la mach«ie convention- 
nelje .avec lealites autres posftions operatives des axes commandes par ordinateiir. 

Machine pour g^6rer'des spaces de dents tongitudinalement courbes dans de^ engrenages coniques et hypoT- 
des en irffeartunputij (26) ayart des surfaces d'e^^ . , - . 

. . unetiasede machine (10); ... 

un support d'outil (12) monte sur ladite base; '„ L, ^, nn. 

un moyen pour laire toumer ledft outil dans ledft support d'outil autour d un 83^ 

un support de piece (1 4) monte sur ladfte base; 

un moyen pour faire tourner un engrenage comme piece (42) dans ledft support de p.ece autour d un axe de 
la piece (W); un moyen pour impartir un mouvement relatif de ,v v -tx. 

tr^siation entre ledft support d'outil et ledft support de la piece le jong de trois axes rectiiignes Q^X.et Z)& 
!nmSen impartirtTmouvement angulaire retelif entre ledft" support d'outil et ledft support de la p.ece 

autour d'un axe de pivotement (P): . n., 

ladite machine comprenant un moyen de commande par ordinateur pour '^f .f^^^iblemert s»™te^^ 
mert ladfte rotation de I'engrenage. lesdfts mouvements rectiiignes relatfs entre I outil et le support de la p^e 
et ledit mouvement angulaire entre les axes de I'outil et de la piece pour innpartir un mouvement r^latf pr^6- 
termine de roulement entre ledit outil et ledit engrenage comnie piece comme si ledit engrenage comme piece 
etaft en prise avec un engrenage g6n6rateur theorique tournant autour d'un axe de rotation de 1 engrenage 
generateur th6orique et ayant des surfaces de dents representees par les surfaces enle/ant la mat.ere dudrt 
outil ledft axe de I'engrenage g6neraleur theorique variant en orientation angulaire par rapport e iadrte base 
de fa machine au cours dudft mouvement relatff predetermine de roulement entre ledit outil et ledit engrenage 
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commepi^ce. 

ledit moyen de commande par ordinateur contrOlant de plus la rotation dudit outil autour dudit axe de Toutil sen- 
sibiement simultan^ment avec fa rotation dudit engrenage comme pidce autour dudit axe de !*engrenage, ladite 
rotation de I'outil §tant en relation prM§terrhin§e dans le temps avec la rotation dudit engrenage comme pi^ce; 

caract§ris6 en ce que ledit moyen de commande par ordinateur offre un moyen pour mieux ajuster Tune de 
ladite rotation de I'engrenage comme pi§ce et de ladrte rotation de I'outil en fonction de Porierrtation angulaire varia- 
ble de I'axe de I'engrenage g6n§rateur th§orique afin d'imposer des modifications de correction sur ladite relation 
pr^§termin§e dans le temp^ entre I'outil et I'engrenage comme pi^ au cours dudit mouvement relatif pr^^ter- 
min6 de roulennient errtre Poutil et Pengrenage comme pi§ce. " , 

Machine selon la revendication 5 ou ledit moyen de commande par ordinateur comprend de plus un .moyen pour 
ajuster ladrte rotation de I'engrenage comme pi^e en fonction de l-orieritation angulaire variable dudit axe de 
I'engrenage g^n^rateur thtorique afin d'imposer lesd'rtes modifications de connection. 

M^thode de formatioh d'espaces de dients lorigitudinalement courb^ dans des engrenages.coniques et hypoTdes 
•en titilisant uh outil ayant des sur^ces d'enl^vement de nriati^e» 'comprenant les stapes de : ?r: - .3?: ;r': 

monter un outil (26) dans un support d'outil (12); ■. :;• 

monter un engrenage comme pi6ce (42) dans un support d'engrenage comme pi^ce (14); 
faire tourner ledit outil autour cTun axe (T) qui passe par ledit outil; 

faire toumer ledit engrenage comme pi^ce autour d'un axe (W) qui passe par ledit support cf engrenage 
comme pidce; 

d^placer reiativement ledit support d'outil par rapport audit support de la pi§ce» en translation le long de trois 
axes ortiiogonaux (X. Y, Z) pour placer initiafement lesdits supports de ptbce et d'outil (14, 12) de fagon recti-i 
ligne I'un par rapport k Tautre, 

faire reiativement pivoter ledit support de la pi^e angulairement par rapport audit support de i'outil autour d'un 
axe de pivotement (P) pour positionner initialement lesdits supports de la pi^ce et de I'outil (1 4, 12) angulaire- 
ment Tun par rapport k I'autre; 

utiliser un ordinateur pour commander sensiblement simultan^ment ladite rotation de I'engrenage comme- 
pifece (42). ledit mouvement rectiligne errtre lesdits supports d'outil etde pieces et ledit pivotement entre lesdits 
supports d'outil et de pi^ce (12, 14) afin de mettre en engagement op6ratif ledit outil avec ledit engrenage 
comme pitee pour impartir un mouvement relatif pr^6termiri6 de roulement entre ledit outil et ledit engrenage 
comme pi^ce, comme si ledit engrenage comme pitee ^tait en prise avec un engrenage g§n§rateur thtorique 
tournant autour d'un axe de rotation de Tengrenage g6n6rateur th^orique et ayant des surfaces de dents repr6-" 
sent^es par les surfeces d'enl^vement de mati^re dudit outil, (edit mouvement de translation, ledit mouvement 
angulaire et ladite rotation dudit engrenage comme pi§ce 4tant contrdl^s afin d'orienter reiativement ledit axe 
de I'outil incline par rapport audit axe de I'engrenage g^n^rateur et ou ledit axe de I'engrenage g6n6rateur 
thterique varie en non orientation angulaire par rapport k ladite base de la machine au cours dudit mouvement 
relatif pr4d§termin§ du roulement entre ledit outil et ledtt engrenage comme pi^e. 

caract§ris6e en ce que ladite commande sensiblement simultan^e consiste de plus k ajuster ladite rotation 
de I'engrenage comme pi^e (42) en foncti'on de ladite orientation angulaire variable dudit axe de I'engrenage 
g§n6rateur th^orique afin dimpdser des modifications de correction sur lecfit mouvement relatif pr§d6termin§ de 
roulement entre I'outil (26) et I'engrenage comme pi§ce (42). 

M^thode de formation d'espaces de dents longitudlnalement courb6s dans des engrenages coniques et hypoTdes 
par un proc6d6 corrtinu utilisant un outil ayant des surfaces d'enl^vement de mati^re. comprenant les stapes de : 

monter un outil (26) dans un support d'outil (12); 

monter un engrenage comme pi^ce (42) dans un support d'engrenage comme pi^ce (14); 
faire tourner ledit outil autour d'un axe (T) qui passe par ledit outil; 

faire tourner ledit engrenage comme pl§ce autour d'un axe (W) qui passe par ledit support d'engrenage; 
d^lacer reiativement ledit support d'outil par rapport audit support d'engrenage en translation le long de trois 
axes orthogonaux (X. Y, Z) pour placer initialement lesd'rts supports de pi^ce et d'outil (14, 12) de fagon recti- 
ligne I'un par rapport k I'autre; 

faire pivoter reiativement ledit support de pi^ce en angulairement par rapport audit support d'outil autour d'un 
axe de pivotement (P) pour positionner initialement lesdits supports de pitee et d'outil (14. 12) angulairement 
I'un par rapport k I'autre; 
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utiliser un ordinateur pour commander sensiblemert simultan6ment ladite rotator, de ' eng^«^ ^J™"^ 
■ Jie liit mo^merSde translation entre lesdits supports d'outil et de pifece et led. P'^J'"^"*^^ '^-S 
sSi^ted'SS^ de pi6ce pour impartir un mouvement relatif pr^itermini de roulement entre I^rt o^' J 
St^^renage fo^^e pitee. comr^e si ledH engrenage comme pi6ce 6tait en prise avec un engrenage g6n^ 
. SeurtSZTrrque'rrna.^ autour d'un axe de rotation d-engrenage g6n6rateur thjonque et a>^t f^/"^^^^ 
2 dlii reor&entdes oar les surfaces d'enlfevement de mati^re dudit outil. ledrt mouvement de fransiation. 
fiJ^^u^eSifg^^r^ e?tX rotation dudit engrenage comme pi6ce 6tant contr616s afin d'onerter rela- 
lvl3iTt Se^e iSS?^^^^^ rapport audit axe de ['engrenage g6n6rateur et o£. ledit axe de I'engre- 
nS^^nS eTtSin^ue varie ^ onSon angulaire par rapport i ladite base de la machme pendant le 
^Sr^dtS mruvemeot^relatif pr6d6termin6 de roulement entre routil et I'engrenage comme p.%ce.^ 

^ !« .. Aa.nr.ry H. H» oi itfl aLrtouT dudit 3X6 de Poutil sensiWement simultan§ment avec la rotation dudit 

rn^cL^nTpT^^^^^ con^^ * ^ ^" 

tionpr6d6temiin6e dans le temps avec la rotation dudit engrenage comm^ •. i-- ^ ■• • 

caract6ris6e en ce qu'on ajuste I'une de ladite rotation de I'engrenage comme pi6ce et de fadite rotation de 
routil eriSSo7de r^iSon angulaire variable de Paxe de Fengrenage g6n6rateur th6orique af m dimposer des 
^iic^fde il^S^^^^ relation prid6termin6e dans le temps entre I'outil et I'engrenage con^e 
JS^e ^^rs dudit Sl^ement relatif pr6d6termin6 de roulement entre I'outil (26) et I'engrenage comme p.^e 

(42)- . ■■ ' . ■ . ... ;r 
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